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PREFACE 


In  recent  years  a  considerable  number  of  textbooks  have  been  written 
for  beginners  in  Bacteriology.  Most  of  these  are  for  use  in  courses 
covering  a  quarter  or  a  semester,  while  a  few  contain  material  for  a 
year  of  college  work. 

In  this  new  field  there  is  as  yet  no  standard  pattern  of  organization  for 
the  beginning  textbook.  Of  the  several  tendencies  the  wisdom  of  two 
may  be  questioned. 

( 1 )  Since  the  pioneer  work  of  Pasteur,  and  largely  through  his  ex¬ 
ample,  the  study  of  bacteriology  has  been  made  intensely  practical,  with 
inadequate  attention  to  a  knowledge  of  the  organisms  themselves  and 
to  the  fundamental  principles  governing  their  activities.  This  statement 
applies  especially  to  bacteriology  texts  for  nurses  and  in  lesser  degree  to 
most  general  textbooks.  The  students  who  have  mastered  such  a  course 
still  have  but  a  vague  conception  of  bacteria  as  living  things  or  of  the 
conditions  that  influence  their  lives  and  behavior.  Their  knowledge  of 
the  many  groups  of  bacteria  and  the  differences  between  them  is  pitifully 
small.  Worst  of  all,  they  develop  an  impatience  toward  a  thorough 
mastery  of  the  fundamentals  of  the  science  and  an  eagerness  to  specialize 
before  they  are  prepared  to  do  so.  Partly  because  of  the  widespread 
example  set  by  medical  bacteriology,  beginning  students  develop  an 
indifferent  attitude  toward  bacterial  classification  sometimes  bordering 
on  actual  resentment — an  attitude  not  found  among  botanists,  zoologists, 
and  entomologists. 

(2)  Because  yeasts  and  some  molds  have  much  in  common  with  cer¬ 
tain  kinds  of  bacteria  with  respect  to  nutrition,  there  is  a  tendency  to 
devote  much  space  in  textbooks  of  general  bacteriology  to  a  consideration 
of  these  organisms.  How  far  this  tendency  should  go  is  debatable.  In 
any  event  a  confusion  of  identity  and  relationship  is  brought  about  in 
the  minds  of  students,  and  also  an  indifference  toward  clear-cut  distinc¬ 
tions. 

These  two  tendencies  raise  an  exceedingly  pertinent  question.  Is 
bacteriology  to  be  considered  a  branch  of  biological  science  or  a  mere 
tool  for  the  use  of  other  sciences,  with  no  status  of  its  own? 
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This  author  believes  that  bacteriology  must  be  regarded  as  a  science 
in  itself,  with  orderly  arrangement,  principles,  and  applications  com¬ 
parable  to  those  found  in  other  sciences.  Certainly  the  subject  lends 
itself  well  to  such  treatment.  This  book  seeks  to  present  bacteriology 
as  a  distinct  science  interlocking  closely  with  other  branches  of  biological 
science  and  with  chemistry  and  physics,  but  with  wide  and  useful  applica¬ 
tion.  It  attempts  to  present  a  thorough  study  of  the  organisms  them¬ 
selves  as  a  basis  for  applied  work.  It  assumes  that  the  student  has  had 
a  course  in  general  chemistry,  and  preferably  some  organic  chemistry; 
also  a  fundamental  biological  course — zoology,  botany,  or  both. 

The  success  or  failure  of  a  textbook,  from  the  standpoint  of  teacher 
and  student,  is  determined  to  a  considerable  extent  by  the  arrangement 
of  the  subject  matter,  that  is,  by  the  sequence  in  which  new  ideas  are 
presented.  In  every  branch  of  science  books  have  been  written  contain¬ 
ing  exceedingly  valuable  material  that  is  difficult  for  the  reader  to  under¬ 
stand  because  the  author  introduces  ideas  and  terms  for  which  no  adequate 
approach  has  been  made.  Especial  effort  has  been  made  in  this  book 
to  avoid  such  a  pitfall. 

The  most  acceptable  plan  of  organization  for  a  textbook  of  general 
bacteriology  seems  to  be  a  presentation  of  the  fundamental  principles  of 
morphology,  physiology,  classification,  etc.,  followed  by  chapters  on  the 
several  branches  of  bacteriology  in  their  application  to  human  life.  That 
plan  is  followed  here.  This  course,  when  mastered,  should  give  ample 
prerequisites  for  advanced  courses  in  this  field.  Every  effort  has  been 
made  to  produce  a  book  that  will  give  the  student  a  wealth  of  information 
in  a  form  that  is  within  his  comprehension. 

The  author  wishes  to  thank  the  following  persons  for  valuable  as¬ 
sistance  in  preparing  and  reading  the  manuscript:  Dr.  A.  J.  M.  Johnson, 
Professor  of  Physics,  Dr.  B.  L.  Johnson,  Professor  of  Chemistry,  Dr. 
John  Nelson,  Professor  of  Dairy  Industry,  Miss  Elizabeth  Carter,  In¬ 
structor  in  Bacteriology,  all  at  Montana  State  College;  Dr.  Edith  L. 
Swingle,  Instructor  in  Bacteriology  at  Iowa  State  College;  and  Mr.  H.  B. 
Foote,  Director  of  the  Division  of  Water  and  Sewage,  Montana  State 
Board  of  Health. 

Illustrations  of  exceptional  merit  have  been  borrowed  where  original 
ones  could  not  be  supplied.  For  permission  to  reproduce  these,  grateful 
acknowledgment  is  hereby  given. 
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CHAPTER  I 


WHAT  ARE  MICROORGANISMS? 

In  the  great  advance  that  living  things  have  made  through  evolu¬ 
tionary  processes,  some  have  reached  the  exalted  position  of  higher  plants 
and  animals ;  but  other  lines  have  lagged  so  far  behind  that  after  millions 
of  years  they  are  still  only  one-celled  beings.  These,  and  others  only 
slightly  larger  and  more  complex,  are  included  under  the  term  micro¬ 
organisms. 

Living  Things. — I  n  botany  and  zoology  we  learn  that  living  things 
have  certain  characteristics  in  common,  (i)  Metabolism.  This  is  the 
intake  of  food  and  the  changing  of  its  composition,  thereby  building  up 
the  body  of  the  individual  and  storing  and  releasing  energy  as  needed. 
Probably  the  surest  criterion  of  life  is  respiration,  whereby,  as  a  result 
of  oxidation  and  consequent  energy  release,  carbon  dioxide  1  is  produced. 
This  gas  is  released  by  all  living  animals  and  plants,  even  dormant  seeds 
and  spores  yielding  a  minute  trace.  (2)  Growth.  As  a  result  of 
metabolic  processes  the  individual  is  increased  in  size  and  usually  changed 
somewhat  in  form.  In  this  growth  process  the  individual  manufactures 
the  material  by  which  its  size  is  increased.  This  is  unlike  the  growth 
of  non-living  things — crystals,  for  example — in  which  enlargement  takes 
place  from  material  added  by  outside  agencies.  (3)  Reproduction.  The 
living  individual  is  capable,  through  its  own  activities ,  of  producing  new 
individuals  of  its  own  kind,  either  alone  or  with  the  aid  of  another  in¬ 
dividual.  (4)  Irritability.  This  is  the  capacity  of  living  things  for 
responding  to  environmental  or  external  stimuli  such  as  heat,  light, 
gravity,  pressure,  etc.2 

Plant  versus  Animal  Characteristics. — There  is  no  single  character 
that  distinguishes  plants  from  animals;  indeed  there  are  some  species  of 

1  A  few  of  the  most  primitive  bacteria  obtain  their  energy  by  oxidizing 
non-carbonaceous  materials,  and  this  statement  does  not  strictly  apply  to 
them. 

2  Biologists  fully  recognize  that  in  the  non-living  world  there  are  certain 
phenomena  that  have  a  superficial  resemblance  to  those  here  described;  but 
the  fact  that  each  living  individual  has  all  of  these  properties  and  that  it 
takes  a  more  active  part  in  their  accomplishment  than  do  non-living  things 
makes  a  distinction  possible  as  a  rule. 
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WHAT  ARE  MICROORGANISMS? 


microorganisms — e.g.,  Euglena  viridis — that  possess  both  plant  and 
animal  characters  and  are  on  the  border  line  of  the  two  kingdoms.  Cer¬ 
tain  characters,  however,  are  more  common  in  animals  and  others  more 
common  in  plants,  as  we  usually  classify  them.  Locomotion,  formerly 
classed  as  an  exclusively  animal  characteristic,  is  the  most  distinctive, 
but  a  few  plants  have  it,  e.g.,  bacteria  and  some  unicellular  algae.  Most 
animals  have  cell  walls  that  are  plastic  and  contain  nitrogenous  materials 
rather  than  cellulose,  but  the  cell  walls  in  the  exoskeleton  of  insects  are 
rigid.  Animals  are  all  dependent  upon  other  organisms,  but  so  are  the 
plants  that  lack  chlorophyll — yeasts,  molds,  and  other  fungi.  Plants 
generally  have  firm  and  very  definite  cell  walls  wholly  distinct  from 
their  protoplasm  and  usually  containing  cellulose  or  other  carbohydrates. 


Fig.  i.  Left,  cell  from  a  leaf  of  Elodea  canadensis ;  right,  epidermal  cell  of 
salamander.  To  show  comparison  of  plant  cell,  with  its  definite  cellulose  wall, 
chloroplasts,  and  central  vacuole,  with  animal  cell  which  lacks  these  structures. 


Their  mature  cells,  as  a  rule,  contain  large  central  vacuoles.  The 
presence  of  chlorophyll  is  a  plant  character,  although  many,  particularly 
the  fungi,  lack  it.  As  a  rule  plants  have  more  synthetic  power  than 
animals  and  are  able  to  manufacture  protoplasm  from  simpler  food 
materials — water,  carbon  dioxide,  nitrates,  etc. 

In  studying  the  following  table  the  reader  must  keep  in  mind  the 
exceptions  mentioned  above. 


PLANT  AND  ANIMAL  CHARACTERISTICS 


Plants 

Possess  chlorophyll 
Carry  on  photosynthesis 
H  ave  distinct  cell  walls 
Central  vacuoles  in  cells 
Have  no  locomotion 


Animals 

Have  no  chlorophyll 
Lack  photosynthesis 
Have  not  distinct  cell  walls 
No  central  vacuoles  in  cells 
H  ave  locomotion. 


KINDS  OF  MICROORGANISMS 
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Kinds  of  Microorganisms 

One-celled  organisms,  and  multicellular  individuals  so  small  that  a 
microscope  is  required  for  their  study,  are  rather  numerous,  making  a 
miscellaneous  group  of  many  thousand  species — some  plants  and  some 
animals. 

The  Protozoa. — These  are  unicellular  animals,  usually  lacking 
chlorophyll  and  possessing  locomotion.  Ameba,  Paramecium ,  and 
V orticella  are  familiar  examples.  Many  of  them  are  saprophytes,  liv¬ 
ing  in  water  and  obtaining  their  food  from  non-living  organic  matter. 
A  large  number  consume  other  microorganisms,  and  others  live  para- 
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Fig.  2.  Microorganisms  representing  various  groups. 


sitically  in  the  bodies  of  higher  animals  where  they  cause  important 
diseases  such  as  malaria  and  African  sleeping  sickness.  Few  if  any 
cause  diseases  of  plants. 

The  Molds. — There  are  several  classes  of  lower  plants  lacking 
chlorophyll  which  make  up  the  heterogeneous  group,  fungi.  The  largest 
of  these  are  the  puffballs,  mushrooms,  and  bracket  fungi.  Those  that 
live  saprophytically  on  fruits,  vegetables,  etc.,  are  given  the  common 
name  of  mold .  P enicillium ,  the  blue  or  green  mold  of  oranges,  grapes, 
etc.,  is  the  most  familiar  example.  The  molds  have  a  vegetative  body  or 
mycelium  composed  of  a  mass  of  branching  threads  easily  visible  to  the 
unaided  eye.  On  maturity  they  reproduce  by  enormous  numbers  of 
microscopic  spores  which  are  usually  one-celled.  Some  species,  including 
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the  Penicilliums,  produce  their  spores  on  stalks,  pinching  them  off  by 
constriction  from  the  tips  of  branches.  Other  kinds,  including  the  bread 
mold  Rhizopus,  produce  their  spores  in  sacs  or  sporangia,  cutting  them 
out  of  the  protoplasm  of  the  young  sporangium  by  cleavage.  The  forma¬ 
tion  of  spores  by  these  methods  represents  asexual  reproduction  and  goes 
on  very  rapidly,  producing  enormous  numbers  in  the  course  of  a  day. 
Each  spore  under  favorable  conditions  forms  a  new  plant  like  its  parent 
by  germinating  and  sending  out  branches  that  form  a  mycelium.  Most 
kinds  of  mold  also  have  sexual  reproduction  in  which  gametes  form  and 
conjugate  to  make  a  zygote ,  which  grows  into  a  new  plant.  The  fungi 
have  well-developed  nuclei  with  mitotic  division. 

Considering  the  fungi  as  a  whole,  there  are  thousands  of  species, 
many  of  which  are  saprophytic;  many  others  are  parasitic  on  plants, 
where  they  form  rusts,  smuts,  mildews,  etc. ;  but  only  a  few  are  parasitic 
on  higher  animals  or  man.  Athletes’  foot  and  a  few  other  human 
diseases  are,  however,  caused  by  fungi. 

The  Yeasts. — Certain  fungi  appear  to  have  degenerated  in  that  they 
have  lost  all  or  nearly  all  of  the  ancestral  mycelium,  having  left  only 
round  or  oval  cells  that  serve  for  both  vegetative  growth  and  reproduc¬ 
tion.  These  are  the  yeasts.  Most  of  them  reproduce  by  budding,  and 
some  also  form  spores — four  or  eight  in  each  cell.  Very  few  species 
of  yeast  are  parasitic;  most  of  them  thrive  best  in  solutions  containing 
sugar,  which  they  change  to  alcohol  and  carbon  dioxide.  They  are  more 
closely  related  to  the  molds  than  to  the  bacteria. 

The  Bacteria. — The  microorganisms  that  will  receive  the  most  at¬ 
tention  in  this  book  are  the  bacteria.  The  described  species  number 
about  1335.  They  are  usually  considered  the  simplest  and  lowest  of  all 
forms  of  life  now  on  the  earth.  Some  bacteria  are  so  tiny  that  they  are 
scarcely  visible  with  the  highest  magnification  of  the  microscope,  while 
others  are  much  larger  and  can  easily  be  seen  with  the  low  powers. 
Most  bacteria  are  colorless  and  very  simple  in  structure.  Few  if  any 
have  chlorophyll.  They  apparently  have,  in  place  of  definite  nuclei, 
tiny  scattered  granules  of  nuclear  material.  Many  kinds  of  bacteria  are 
parasitic  on  man  or  higher  animals,  many  are  parasitic  on  plants,  but 
many  others  are  saprophytic,  while  a  few  are  independent  of  other 
organisms  or  their  products. 

The  bacteria  will  be  discussed  more  in  detail  in  later  chapters  of 
this  book. 

The  Algae  . — Radically  different  from  the  other  microorganisms  are 
the  algae,  which  possess  chlorophyll  and  manufacture  carbohydrates  by 
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photosynthesis,  thus  being  independent  of  the  saprophytic  or  parasitic  life 
of  fungi  and  most  bacteria.  For  the  most  part  they  are  aquatic,  living 
in  nearly  all  natural  waters,  both  fresh  and  salt,  and  on  the  moist  sur¬ 
faces  of  rocks,  soil,  etc. 

Four  classes  of  algae  are  recognized  under  the  common  names  of 
blue-green  algae,  green  algae,  brown  algae,  and  red  algae.  The  blue- 
green  algae  are  of  especial  interest  here,  as  their  nuclear  structure 
of  scattered  granules  and  their  lack  of  sexual  reproduction  strongly 
suggest  a  relationship  to  the  bacteria.  Algae  of  the  other  three  classes 
have  both  asexual  and  sexual  reproduction.  Their  asexual  spores  are 
borne  inside  the  large,  old,  mother  cells  by  cleavage.  The  species  of 
algae  are  few  in  number  compared  with  those  of  the  fungi. 

Ultramicroscopic  Organisms. — There  is  evidence  for  the  existence 
of  living  things  that  are  too  small  to  be  seen  even  with  the  best  micro¬ 
scopes.  The  juices  from  plants  affected  with  mosaic  diseases,  and  fluids 
from  the  diseased  tissues  of  human  beings  with  infantile  paralysis,  for 
example,  are  capable  of  reproducing  the  same  disease  if  even  a  tiny 
amount  is  injected  into  another  plant  or  animal  of  the  same  kind.  If 
the  liquids  are  passed  through  the  finest  clay  filters,  which  will  remove 
all  known  bacterial  organisms,  the  filtrate  still  contains  ultramicroscopic 
particles  that  will  cause  the  disease.  Such  materials  are  called  filterable 
viruses,  and  such  diseases  are  known  as  virus  diseases. 

In  view  of  the  fact  that  a  very  tiny  portion  of  the  virus  increases 
manyfold  within  the  host,  we  are  forced  to  one  of  two  conclusions. 
Either  the  virus  particles  reproduce  themselves  or  the  host  produces 
more  of  them  to  its  own  destruction.  Bacteriologists  are  divided  be¬ 
tween  these  two  opinions.  If  the  former  is  true  we  seem  to  be  dealing 
with  ultramicroscopic  organisms  that  are  strict  parasites,  for  they  cannot 
be  made  to  grow  on  non-living  culture  media. 

A  crystalline  protein  substance  which  recently  has  been  isolated  in 
supposedly  pure  form  from  leaves  of  tobacco  plants  affected  with  mosaic 
disease  will  cause  the  same  disease  when  injected  into  healthy  plants.  If 
these  findings  are  confirmed  by  other  investigators,  and  if  similar  con¬ 
clusions  are  reached  for  other  virus  diseases  of  plants  and  animals,  our 
ideas  as  to  the  causes  of  virus  diseases  will  need  to  be  revised. 

Bacteriophage. — In  1915  a  French  bacteriologist,  d’Herelle,  found 
that  something  was  killing  his  cultures  of  the  dysentery  organism.  Further 
investigation  showed  that  a  tiny  portion  from  a  killed  culture  transferred 
to  a  healthy  one  would  cause  the  bacteria  in  it  to  die  also,  and  this 
destructive  inoculation  could  be  continued  from  culture  to  culture  in- 
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definitely.  The  filtrate  from  such  a  diseased  culture  was  likewise  capable 
of  killing  healthy  ones,  although  it  showed  no  microscopic  organisms. 
D’Herelle  concluded  that  he  had  discovered  an  ultramicroscopic  or¬ 
ganism  which  was  a  strict  parasite  on  bacteria,  and  he  named  it 
Bacteriophagum  intestinale  or  bacteriophage.  Although  he  furnished 
considerable  evidence  in  support  of  his  theory  as  to  the  character  of  the 
destructive  agent,  other  investigators  regard  it  as  a  product  of  the  bacteria 
themselves — perhaps  in  the  nature  of  an  enzyme. 

In  this  chapter,  only  a  brief  sketch  is  given  of  the  great  miscellaneous 
group  called  microorganisms,  in  order  to  orient  the  student  in  this  field 
and  give  him  a  working  basis  for  the  course.  A  more  detailed  discussion 
of  them  is  given  in  later  chapters. 


Review  Questions 

At  the  close  of  each  chapter  a  set  of  review  questions  is  given.  The 
student  should  be  able  to  answer  all  of  those  pertaining  to  one  chapter 
before  going  on  to  the  next.  As  a  rule  the  answers  can  be  found  in  the  text 
of  that  chapter,  but  purposely  a  few  questions  are  asked  that  call  for  wider 
reading. 

1.  Name  the  characteristics  or  properties  found  in  all  living  things  that, 

taken  collectively,  are  not  found  in  any  non-living  things. 

2.  Why  could  not  the  burning  of  coal  be  classed  as  respiration?  How  does 

the  enlargement  of  a  crystal  in  a  solution  of  the  same  substance  differ 
from  the  growth  of  a  living  thing?  As  a  result  of  weathering,  rocks 
break  up  into  small  fragments  of  the  same  kind.  Why  not  call  this 
reproduction?  In  a  mechanical  thermometer  the  needle  on  the  dial 
swings  back  and  forth  when  the  instrument  is  heated  and  cooled. 
H  ow  does  this  differ  from  an  irritable  response? 

3.  Which  character  used  to  distinguish  between  plants  and  animals  has 

the  fewest  exceptions?  Name  an  organism  that  has  both  plant  and 
animal  characters  to  such  an  extent  that  it  is  truly  intermediate. 

4.  What  is  the  relationship  between  the  terms  “molds”  and  “fungi”? 

5.  How  do  algae  differ  from  fungi?  Which  class  of  algae  seems  most 

closely  related  to  the  bacteria? 

6.  What  characters  do  filterable  viruses  and  bacteriophage  have  in  com¬ 

mon?  What  two  explanations  have  been  offered  to  explain  how  these 
bodies  increase? 


CHAPTER  II 


THE  RISE  OF  BACTERIOLOGY 

There  can  be  no  doubt  that  man  suspected  the  presence  of  organisms 
too  small  to  be  seen  with  the  unaided  eye  long  before  microscopes  were 
invented.  Such  a  possibility  was  occasionally  expressed  by  early  writers. 
For  example,  Varro,  a  Roman  who  lived  a  century  before  the  Christian 
era,  made  this  remarkable  guess:  “Certain  minute  invisible  animals  de¬ 
velop  which,  carried  by  the  air,  may  enter  the  body  through  mouth  or 
nose  and  cause  serious  ailments.”  It  was  natural  for  thinking  people 
to  reason  that  since  known  plants  and  animals  vary  greatly  in  size,  some 
being  so  tiny  that  they  are  barely  visible,  there  may  exist  others  that  are 
below  the  limit  of  human  vision. 

Also,  the  effects  of  microorganisms  were  known  centuries  before  the 
living  causes  were  seen.  The  fermentation  of  sugary  liquids,  the  decay 
of  foods  and  refuse,  and  such  diseases  as  tuberculosis  and  leprosy  were 
known  but  not  understood.  Not  until  the  invention  of  lenses  and 
microscopes  could  the  causes  of  these  phenomena  be  seen. 

Discovery  of  Bacteria 

Bacteria  were  first  seen  in  connection  with  the  making  of  lenses  and 
the  testing  of  their  qualities.  The  compound  microscope  was  invented 
by  J.  and  Z.  Janssen  in  1590,  but  for  nearly  a  century  it  remained  a 
crude  affair  that  had  little  practical  value;  and  if  during  that  time  it 
ever  revealed  microorganisms,  no  record  of  the  fact  was  made. 

Anton  van  Leeuwenhoek. — In  Delft,  Holland,  in  the  seventeenth 
century,  there  lived  a  man  who  in  his  mature  years  ground  lenses.  They 
were  double  convex  lenses  equipped  with  focusing  devices,  and  some  of 
them  magnified  as  much  as  300  diameters,  which  is  considerably  higher 
than  the  present-day  compound  microscope  with  8  mm.  objective  and 
IO X  eyepiece.  He  found,  however,  that  lenses  having  about  half  that 
magnification  gave  better  results,  as  they  were  less  difficult  to  use. 
Leeuwenhoek,  who  made  about  four  hundred  of  these  lenses,  was  quite 
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correct  in  his  opinion  that  the  best  of  them  were  more  serviceable  than 
the  compound  microscopes  of  that  time. 

As  his  interest  lay  in  making  better  and  better  lenses  it  was  natural 
that  he  should  test  them  on  all  sorts  of  objects.  In  so  doing  he  made 
many  valuable  discoveries.  He  appears  to  have  been  the  first  to  see 
yeasts,  red  blood  corpuscles,  spermatozoa,  various  details  of  muscle  and 

nerve  tissue,  and  some  of 
the  protozoa,  as  well  as 
bacteria.  These  last  he 
found  in  rain  water,  in 
decaying  matter,  and  in 
scrapings  from  his  own 
teeth. 

All  these  valuable  dis¬ 
coveries  might  have  re¬ 
ceived  only  local  attention 
and  been  lost  to  science, 
but  by  good  fortune  he 
was  able  through  a  friend 
to  present  his  findings  by 
letter  to  the  Royal  So¬ 
ciety  of  England.  His 
first  report  of  microscopic 
discoveries,  in  1674,  was 
followed  by  many  others, 
including  one  on  bacteria 
in  1683  which  was  illus¬ 
trated  with  a  picture.  Be¬ 
cause  of  their  motility  he 
thought  them  to  be  tiny 
animals,  as  did  also 

a  century  thereafter. 

We  now  realize  that  Leeuwenhoek  was  a  remarkable  man.  He  had 
unusual  powers  of  observation,  patience,  skill,  and  ingenuity.  Wholly 
without  scientific  training,  he  nevertheless  had  the  true  scientific  spirit 
which  prompted  him  to  study  and  learn  for  the  sake  of  revealing  truths 
for  their  own  sake,  regardless  of  their  utility  to  man. 

At  that  time  no  one  suspected  that  these  interesting  little  micro¬ 
organisms  had  any  economic  significance,  that  some  of  them  later  would 


zoologists  for  more  than 


Fig.  3.  One  of  Leeuwenhoek’s  microscopes. 
Some  of  these  microscopes  were  held  in  both 
hands,  others  were  set  in  a  block  for  support. 
The  object  was  mounted  on  the  sharp  point  and 
focusing  was  done  with  one  of  the  screws.  The 
broad  metal  portion  in  which  the  lens  was  set 
helped  to  exclude  vagrant  light  from  the  eye. 
From  Bulloch’s  History  of  Bacteriology.  Oxford 
University  Press. 
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be  included  among  man’s  greatest  benefactors  and  others  among  bis  worst 
enemies.  Nearly  two  centuries  passed  before  these  facts  were  brought 
to  light  by  Pasteur  and  his  contemporaries. 

Origin  of  Cultural  Methods  . — At  the  present  time  studies  in  bac¬ 
teriology  are  made  largely  by  the  use  of  cultures  in  which  the  organisms 
are  grown  under  controlled  conditions  in  artificial  culture  media. 

These  methods  originated  in  an  attempt  to  settle  the  old  controversy 
over  spontaneous  generation — the  theory  that  living  things  sometimes 
come  into  existence  without  antecedents,  from  non-living  materials.  This 


Fig.  4.  Pictures  of  bacteria  seen  with  a  simple  lens,  as  drawn  by  Leeuwenhoek. 

theory,  accepted  by  Aristotle  and  many  others,  had  been  pretty  thoroughly 
discredited  in  its  application  to  higher  forms  of  animal  life  and  even  for 
insect  larvae ;  but  the  fact  that  clear  liquids  such  as  beef  broth  and 
vegetable  infusions  become  cloudy  on  standing,  from  the  presence  of 
myriads  of  bacteria,  yeasts,  etc.,  was  perplexing. 

John  T.  Needham,  an  Irish  priest,  in  some  pioneer  experiments  carried 
out  from  1745  to  1750,  revived  the  argument.  In  his  simple  experiments 
he  heated  decoctions  of  wheat  and  barley  grains,  meat,  etc.,  in  stoppered 
bottles  and  found  that  microorganisms  promptly  developed,  although 
the  heating  had  been  supposed  to  sterilize  them.  An  Italian  abbot, 
Lazzaro  Spallanzani,  challenged  Needham’s  work  on  the  grounds  that 
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the  heating  was  insufficient  and  the  sealing  imperfect.  He  repeated 
Needham’s  experiments,  using  carefully  sealed  flasks  and  heating  for 
hours  in  boiling  water,  and  was  thus  able  to  preserve  meat  broth  in¬ 
definitely.  He,  therefore,  claimed  that  Needham’s  evidence  of  spon¬ 
taneous  generation  was  faulty.  Spallanzani’s  experiments,  in  turn,  were 
criticized  on  the  ground  that  they  had  excluded  free  access  of  air,  which 
would  be  necessary  for  the  development  of  organisms  to  take  place.  In 
the  bitter  controversy  that  ensued  it  became  evident  that  a  method  must 
be  devised  for  admitting  sterile,  unchanged  air  into  the  flasks.  Schultze 

in  1836  tried  forcing  the  air  into 
the  sterile  flasks  through  strong 
acids  and  bases,  and  Schwann 
the  next  year  admitted  it  through 
hot  tubes,  but  these  methods 
were  criticized  on  the  false  sup¬ 
position  that  the  air  was  so 
changed  that  it  would  not  sup¬ 
port  life.  H.  Schroeder  and 
Th.  von  Dusch  met  this  criti¬ 
cism  in  1854  by  drawing  the  air 
into  flasks  of  heated  infusions 
through  cotton  wool,  which 
could  not  possibly  alter  it  other 
than  by  filtering  out  the  dust 
and  germs.  Thus  was  born  a 
method  of  plugging  culture  flasks 
and  tubes  so  satisfactory,  cheap, 
and  rapid,  that  it  is  in  universal 
use  today  and  makes  possible  a  great  variety  of  cultural  studies. 

If  any  doubts  remained  that  growth  would  not  start  in  sterile  liquids 
by  spontaneous  generation,  they  were  dispelled  by  Chevreuil  and  Pasteur, 
who  reported  in  1865  that  by  the  use  of  flasks  with  necks  drawn  out  and 
bent  downward  to  exclude  dust  they  were  able  to  preserve  sterile  broth 
for  years  without  stoppers  or  sealing  of  any  kind. 

Early  Canning  Demonstration. — How  often  purely  scientific  ex¬ 
periments  are  followed  by  demonstrations  of  their  practical  utility!  In 
1810  a  Frenchman,  Nicolas  Appert,  showed  that,  by  the  processes  of 
heating  and  sealing,  food  could  be  preserved  in  bottles  indefinitely.  Thus, 
slowly  through  the  home,  and  then  rapidly  in  factories,  the  great  canning 
industry  of  the  present  day  has  come  into  being. 


Fig.  5.  Lazzaro  Spallanzani  (1729- 
1799).  From  Frobisher’s  Fundamentals  of 
Bacteriology.  W.  B.  Saunders  Co. 
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Agricultural  Bacteriology. — In  the  days  of  Pasteur,  and  largely 
through  his  efforts,  many  phenomena  not  previously  understood  were 
explained  on  the  basis  of  chemical  change  brought  about  by  bacteria, 
yeasts,  and  other  microorganisms.  Thus  were  explained  the  alcoholic 


Fig.  6.  Device  used  by  Schroeder  and  Dusch  for  filtering  air  through  cotton. 
From  Bulloch’s  History  of  Bacteriology.  Oxford  University  Press. 


fermentation  of  sugary  solutions  by  yeasts  and  processes  of  decay  by 
bacteria  and  molds.  The  prolonged  and  heated  controversy  between 
Pasteur  and  the  great  German  chemist,  von  Liebig,  as  to  whether 
microorganisms  play  the  part  of  cause  in  fermentation  and  decay,  or 


Fig.  7.  Pasteur’s  flasks,  constructed  to  admit  air  but  exclude  microorganisms. 

are  merely  innocent  bystanders,  resulted  in  a  complete  victory  for  Pasteur 
in  his  claim  that  these  phenomena  have  a  biological  basis.  The  souring 
of  milk,  long  shrouded  in  superstition,  was  shown  by  Fuchs,  Pasteur, 
Lister,  von  Hessling,  and  others  to  be  caused  by  certain  bacteria. 
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That  the  change  of  organic  forms  of  nitrogen  and  ammonia  into 
nitrates  is  caused  by  bacteria  was  shown  in  1873  by  the  French  chemists 
Schlosing  and  Muntz,  and  in  1889  the  Russian  bacteriologist,  Serge 
Winogradsky,  isolated  the  species  responsible.  Likewise  the  German 
chemists,  Hellriegel  and  Wilfarth,  in  1887  gave  proof  that  bacterial 
organisms  in  the  nodules  of  leguminous  plants  can  fix  atmospheric 
nitrogen,  and  the  next  year  the  Dutch  bacteriologist,  Martinus  Beijerinck, 

He  also  found  another  kind 
the  soil  without  the  aid  of 
legumes. 

Medical  Bacteriology. 

— A  suspicion  that  some  dis¬ 
eases  were  caused  by  invis¬ 
ible  living  organisms  had 
been  expressed  centuries  be¬ 
fore  the  existence  of  such 
organisms  was  demonstrated 
with  the  microscope.  The 
opinion  of  Varro  as  to  dis¬ 
ease-producing  germs  in  the 

tioned  (page  7).  More 
definite  suspicions  that  such 
diseases  as  bubonic  plague, 
smallpox,  and  tuberculosis 
are  caused  by  minute  forms 
of  life  came  from  observing 
their  spread  from  person  to 
person,  as  though  something  capable  of  increase  passed  from  the  sick  to 
the  well.  The  idea  that  such  a  contagion ,  or  spread  by  contact,  actually 
takes  place  was  forcefully  stated  by  an  Italian  scholar,  H.  Fracastorius, 
in  1546.  Neither  he  nor  anyone  else,  however,  had  at  that  time  seen 
bacteria,  and  he  did  not  make  clear  whether  his  theoretical  “ seminaria” 
(sometimes  translated  as  “seeds”  or  “germs”)  were  living  things  or 
non-living  exhalations. 

A  century  later,  but  before  the  discoveries  of  Leeuwenhoek,  a  German 
priest,  A.  Kircher,  declared  dogmatically  that  diseases  spread  through 
the  air  through  the  agency  of  minute  living  beings.  His  contention 
proved  nothing  but  served  to  focus  attention  on  this  possibility. 

Except  for  the  remarkable  work  of  an  English  physician,  Benjamin 


air  has  already  been  men- 


isolated  pure  cultures  of  these  organisms, 
of  organism  that  could  fix  nitrogen  in 


Fig.  8.  Louis  Pasteur  (1822-1895).  From 
Bulloch’s  History  of  Bacteriology.  Oxford 
University  Press. 
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Marten,  published  in  1720  as  A  New  Theory  of  Consumptions — which 
received  little  attention  and  was  soon  practically  forgotten — little  was 
added  to  the  doctrine  that  bacteria  produce  disease  until  1840.  Then 
the  German  pathologist,  Jacob  Henle,  stated  the  germ  theory  of  disease 
in  essentially  its  present  form  and  gave  some  sound  advice  on  establish¬ 
ing  proofs  that  a  given  disease  is  caused  by  a  given  organism,  thus  paving 
the  way  for  Koch’s  postulates  given  below.  This  announcement  was  fol¬ 
lowed  closely  by  the  work  of  Louis  Pasteur  and  his  contemporaries, 
who  rapidly  changed  the  theory  into  established  fact. 

By  this  time  it  was  generally  agreed  that  diseases  of  many  kinds  had 
much  in  common  with  fermentation  and  decay,  and  the  establishment  of 
the  germ  theory  for  the  one  helped  to  establish  it  for  the  other. 

Early  Lines  of  Evidence. — It  is  interesting  to  consider  here  the 
kinds  of  evidence  that  were  used  by  the  pioneer  bacteriologists  to  establish 
the  germ  theory  of  disease. 

The  character  of  the  spread  of  epidemics  from  person  to  person 
caused  the  Italian  physician,  Fracastorius,  as  early  as  1546,  to  propose 
his  germ  theory  of  disease;  and  in  1762  an  Austrian  physician,  Marcus 
von  Plenciz,  improved  on  the  theory  by  the  claim  that  each  disease  was 
caused  by  a  different  species  of  organism. 

Improvement  of  the  microscope  enabled  Pollender  in  1849  and 
Davaine  in  1850  actually  to  see  the  causative  organism  of  anthrax  in 
the  blood  of  animals  sick  with  that  disease. 

The  use  of  disinfectants  on  the  hands  of  obstetricians  to  prevent 
puerperal,  or  child-bed,  fever  was  recommended  by  Oliver  Wendell 
Holmes  in  1843  and  by  an  Austrian  physician,  Semmelweiss,  in  1847, 
on  the  theory  that  the  disease  was  caused  by  an  organism  introduced  by 
the  hands  and  that  the  disinfection  prevented  it. 

In  1787  Wollstein  of  Vienna  reported  the  transfer  of  glanders  in 
horses  by  inoculation  with  pus  from  the  inflamed  nasal  passage  of  a 
diseased  animal.  In  1857  Brauell  reported  that  he  had  been  able  to 
transfer  anthrax  to  sheep  by  inoculation,  and  in  1865  Davaine,  following 
up  his  earlier  microscopic  observations,  reported  the  successful  transfer 
of  the  disease  with  infected  blood. 

These  direct  inoculations  with  infected  materials  were  soon  super¬ 
seded  by  the  more  refined  method  of  inoculation  with  pure  cultures  as 
practiced  by  Pasteur  and  especially  by  his  young  German  rival,  Robert 
Koch.  This  use  of  pure  cultures  brings  in  another  line  of  evidence, 
the  obtaining  of  the  causative  organism  from  the  body  of  the  sick  person 
or  animal  and  the  production  of  the  same  disease  by  inoculation  with  it. 


14 


THE  RISE  OF  BACTERIOLOGY 


Koch’s  Postulates  or  Rules  of  Pathogenicity. — While  yet  a  young 
man,  Robert  Koch  urged  the  desirability  of  a  more  refined  technique ; 
and,  although  he  realized  that  all  the  evidences  given  above  had  value, 
he  sensed  the  fact  that  dependence  on  any  one  of  them  may  lead  to  error 


Fig.  9.  Robert  Koch  (1843-1910). 


in  establishing  the  cause  of  any  disease.  He  therefore  proposed  four  rules, 
which,  if  successfully  followed,  offer  convincing  proof  that  a  given  species 
of  organism  is  the  cause  of  a  given  disease.  These  rules,  published  in 
1882,  are  as  follows: 

( 1 )  The  suspected  organism  must  be  found  regularly  in  cases  of  the 
disease. 
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(2)  It  must  be  isolated  in  pure  culture  from  such  cases. 

(3)  Such  pure  cultures,  when  inoculated  into  susceptible  animals, 
must  reproduce  the  same  disease. 

(4)  The  same  organism  must  be  re-isolated  from  the  inoculated 
animal. 

These  rules  have  been  extensively  observed  and  generally  result  in 
proving  whether  or  not  the  disease  in  question  is  caused  by  a  suspected 
organism.  For  some  diseases,  however,  they  are  not  applicable.  For  ex¬ 
ample,  there  is  no  experimental  animal  that  is  susceptible  to  typhoid 
fever,  which  makes  rule  3  impracticable  except  by  accident;  and  the 
causative  agents  for  a  considerable  number  of  diseases  will  not  grow  on 
artificial  culture  media,  which  blocks  rule  2,  without  which  rules  3  and  4 
cannot  be  carried  out. 

Discovery  of  Vaccines. — The  first  use  of  vaccines  (in  the  form  of 
protective  inoculation  for  smallpox)  is  lost  in  antiquity.  The  method  was 
used  by  the  ancient  Chinese  and  probably  also  by  other  early  civilizations. 
In  1798  the  English  physician,  Jenner,  revived  it  in  milder  form  by 
using  the  virus  from  cowpox,  then  supposed  to  be  a  different  disease 
but  now  known  to  be  smallpox  in  cattle.  In  the  last  half  of  the 
nineteenth  century  Pasteur  extended  and  explained  the  principle  of 
vaccination  in  his  application  of  it  to  chicken  cholera,  anthrax,  and  rabies. 
It  has  since  found  much  wider  application  and  has  become  a  major 
method  of  disease  prevention. 

Discovery  of  Antitoxic  Sera. — That  some  organisms  cause  disease 
by  excreting  poisonous  substances  into  the  body  of  the  animal  which 
they  inhabit  was  suspected  almost  from  the  beginning  of  medical  bac¬ 
teriology.  It  remained  for  the  French  bacteriologists,  Roux  and  Yersin, 
in  1888,  to  discover  the  specific  toxin  of  diphtheria.  Two  years  later  von 
Behring  and  Kitasato  showed  that  patients  suffering  with  diphtheria  or 
with  tetanus  produce  an  antitoxin  which  neutralizes  the  toxin.  They 
showed  further  that  the  blood  serum  of  such  patients  has  a  curative 
effect  on  others  in  early  stages  of  the  same  disease  who  have  not  yet  had 
time  to  produce  their  own  antitoxins. 

This  method  of  treatment  (quite  distinct  in  principle  from  vaccina¬ 
tion)  has  since  found  application  with  more  or  less  success  in  about  a 
dozen  human  diseases. 

The  historical  sketch  given  in  this  chapter  should  serve  two  purposes. 
It  should  show  something  of  the  struggles  and  the  difficulties  of  the 
pioneers  in  this  science,  and  it  should  introduce  to  the  student  the  several 
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branches  of  the  subject — soil  bacteriology,  dairy  bacteriology,  food 
preservation,  industrial  bacteriology,  medical  bacteriology,  etc. 


Review  Questions 

1.  Who  was  the  first  person  to  see  bacteria?  What  was  his  chief  interest 

in  life?  What  other  scientific  discoveries  did  he  make?  What 
organization  gave  valuable  recognition  to  his  work? 

2.  Describe  one  of  Leeuwenhoek’s  microscopes.  Why  was  Leeuwenhoek’s 

discovery  of  bacteria  not  immediately  put  into  practical  use,  in  dis¬ 
ease  control,  for  example? 

3.  What  controversy  resulted  in  the  discovery  of  cultural  methods  for 

bacteria  ? 

4.  Why  did  microorganisms  grow  in  Needham’s  heated  and  sealed  decoc¬ 

tions  but  not  in  Spallanzani’s? 

5.  Who  first  used  cotton  to  filter  air  that  was  admitted  to  cultures? 

6.  How  did  Pasteur’s  flasks  keep  out  microorganisms  while  admitting  air? 

7.  Who  first  applied  sterilization  and  sealing  to  the  preservation  of  foods? 

8.  Name  three  early  discoveries  in  agricultural  bacteriology. 

9.  What  lines  of  evidence  did  the  pioneer  bacteriologists  use  to  prove  that 

some  diseases  are  caused  by  bacteria?  Name  two  diseases  that  re¬ 
ceived  the  earliest  attention  from  the  bacteriological  standpoint. 

10.  Name  five  pioneers  in  the  field  of  medical  bacteriology  and  give  an 

important  contribution  of  each.  State  Koch’s  postulates,  or  rules  of 
pathogenicity.  State  two  difficulties  encountered  in  applying  these 
rules. 

11.  For  which  two  diseases  were  antitoxins  first  discovered? 

12.  If  we  know  that  a  disease  is  bacterial  why  do  we  need  to  know  what 

kind  of  bacteria  cause  it?  If  we  know  that  milk  is  soured  by  bacteria 
why  do  we  need  to  know  what  kinds  of  bacteria  sour  it? 


CHAPTER  III 


THE  MICROSCOPE  IN  BACTERIOLOGY 

The  comprehension  of  things  that  are  being  studied  is  greatly  facili¬ 
tated  by  seeing  them.  The  human  eye,  however,  is  so  constructed  that  it 
cannot  see  objects  less  than  about  thirty  microns  1  in  diameter.  If  details 
are  to  be  studied  the  objects  must  be  larger,  for  every  detail  is  equivalent 
to  an  object  in  itself. 

Simple  Lenses. — Magnification  by  means  of  a  lens  is  accomplished 
by  a  simple  principle  of  physics.  A  ray  of  light  in  passing  from  one 
transparent  medium,  in  which  the  velocity  of  light  is  high,  into  another 
of  greater  optical  density,  in  which  the  velocity  is  less,  is  bent  toward 
the  normal  to  the  lens  surface,  i.e.,  toward  an  imaginary  line  intersecting 
the  curved  surface  at  a  right  angle  at  the  point  at  which  the  light  enters. 


Likewise,  in  passing  from  a  denser  medium  to  a  less  dense  medium  it  is 
bent  away  from  the  normal.  Glass  is  denser  than  air,  and  hence  light, 
passing  through  air  and  striking  the  curved  surface  of  a  double  convex 
lens  and  continuing  through  it  into  the  air  on  the  other  side,  is  so  bent 
on  entering  the  lens  and  again  on  leaving  it  that  the  rays  converge  and 

1  The  micron  is  the  unit  of  measurement  for  objects  the  size  of  bacteria. 
It  is  o.ooi  millimeter.  Because  of  the  construction  of  the  human  eye  an 
object  4.0  microns  in  diameter  should,  in  theory,  make  an  image  on  the  retina. 
In  actual  practice,  people  vary  considerably  in  visual  acuity,  but  a  black  dot 
30  microns  in  diameter  on  a  white  background  is  distinguishable  to  people 
with  what  we  call  normal  vision. 
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thus  form  an  image.  This  image  may  be  either  larger  than  the  original 
object  or  smaller,  depending  on  its  position  with  respect  to  the  lens. 
With  convex  lenses,  the  greater  the  curvature  the  greater  the  magnifying 
power;  however,  there  is  a  practical  limit  to  their  use  and,  although 
Leeuwenhoek  saw  bacteria  with  simple  lenses  that  magnified  more  than 
a  hundred  diameters,  these  lenses  were  very  difficult  to  use.  In  practice 
today  simple  lenses  that  magnify  more  than  27  diameters  are  rare. 

In  bacteriological  work  the  use  of  simple  lenses  is  confined  to  the 
study  of  bacterial  masses  such  as  colonies,  each  of  which  contains  thou¬ 
sands  of  individual  cells. 

The  Compound  Microscope 

In  the  compound  microscope  the  primary  (real)  image  is  made  by 
the  objective,  which  is  in  effect  a  simple  lens,  although  in  modern  in¬ 
struments  it  is  composed  of  more  than  one  piece  of  glass.  The  image 
formed  by  the  objective  is  projected  into  the  eyepiece,  or  ocular,  which 
again  enlarges  it.1  In  this  way  magnifications  up  to  3000  diameters  have 
been  reached,  but  the  images  are  so  vague  as  to  be  of  very  limited  value. 
Where  good  definition  is  more  important  than  extreme  magnification 
about  1500  diameters  is  preferred. 

The  bacteriological  microscope  is  commonly  equipped  with  three 
objectives  on  a  revolving  nosepiece.  These  are  the  16  mm.  low-power 
dry  lens,  the  4  mm.  high-power  dry  lens,  and  the  1.8  mm.  oil-immersion 
lens.  In  combination  with  a  10  X  ocular  these  objectives  give  mag¬ 
nifications  of  approximately  100  diameters,  430  diameters,  and  970 
diameters,  respectively.  Seen  under  the  oil  immersion  lens  of  such  a 
microscope,  a  bacterial  cell  1X3  microns  in  size  will  appear  to  be 
just  under  1X3  mm.  The  higher  the  magnification  the  shorter  is  the 
distance  between  the  lens  and  the  object  and  the  more  restricted  is  the 
depth  of  focus. 

In  practice  the  higher  the  magnification  the  greater  the  amount  of 
light  required  from  below.  This  is  for  two  reasons :  ( 1 )  The  higher- 
power  objective  has  a  smaller  aperture  through  which  the  light  passes. 
(2)  The  light  rays  diverge  more  in  a  high-power  lens  and  thus  disperse 
the  light  to  a  greater  extent,  making  it  appear  weaker. 

1  The  objective  may  be  used  in  at  least  two  ways:  (a)  with  the  eyepiece 
for  examination  of  the  object  with  the  eye  in  the  more  common  fashion, 
or  ( b )  without  the  eyepiece  to  throw  a  real  image  on  a  screen  or  on  a 
photographic  plate. 
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The  Oil-Immersion  Objective. — The  natural  limitation  of  magnifica¬ 
tion  found  in  the  dry  objective  has  been  raised  considerably  by  the  in¬ 
vention  of  the  oil-immersion  objective.  In  using  this  objective  the  space 
between  the  lens  and  the  cover  glass  is  filled  with  a  liquid  that  has 
practically  the  same  index  of  refraction  as  the  glass  in  the  lens  and  the 
cover  glass.  The  presence  of  such  a  medium  prevents  the  bending  of 
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Fig.  11.  Compound  microscope.  Courtesy  of  Spencer  Lens  Co. 


the  light  rays  that  would  take  place  if  they  passed  through  a  layer  of  air. 
The  liquid  best  suited  for  this  purpose  is  specially  prepared  cedar-wood 
oil,  but  a  high-grade  mineral  oil  is  often  used  since  this  has  the  ad¬ 
vantage  of  not  hardening  on  the  lens  or  the  slide  when  it  is  not  promptly 
cleaned  off. 

There  are  at  least  two  advantages  in  using  immersion  oil  with  very 
high-powered  objectives:  (1)  In  order  to  have  the  details  of  an  object 
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clear-cut  and  sharply  defined,  the  light  rays  passing  through  each  part 
of  it  must  not  be  exactly  parallel  but  must  diverge  from  it  before  enter¬ 
ing  the  lens.  If  the  space  between  the  cover  glass  and  the  lens  is  filled 
with  air  the  most  divergent  rays  will  be  refracted  so  far  that  they  will 
miss  the  lens,  and  there  will  be  a  consequent  loss  of  definition.  With 
oil  filling  this  space  these  divergent  rays  will  reach  the  lens  and  better 
definition  will  be  obtained;  also,  there  will  be  greater  illumination  of 


Fig.  12.  Effect  of  immersion  oil.  Since  the  oil  has  the  same  refractive  index 
as  the  glass,  it  prevents  a  bending  of  the  light  rays  that  pass  obliquely  from  the 
slide  or  coverglass  into  the  air,  so  that  in  the  left  hand  figure  they  enter  the 
objective  and  help  form  the  image,  while  in  the  right  hand  figure,  in  which  the 
oil  was  omitted  certain  rays  are  lost  by  diffraction.  Drawing  made  by  Dr.  A.  J.  M. 
Johnson. 


the  microscopic  field  from  the  same  source  of  light.  (2)  The  front  lens 
of  the  objective  is  plano-convex,  flat  at  the  bottom  and  so  convex  at  the 
top  that  if  it  were  used  as  a  dry  lens  the  plane  of  focus  would  be  almost 
at  its  bottom  surface,  since  the  bending  of  the  rays  as  they  pass  from 
the  air  beneath  the  lens  into  the  glass  would  result  in  bringing  the  plane 
of  focus  closer.  The  immersion  oil,  however,  has  the  effect  of  making 
the  lens  deeper  from  top  to  bottom,  as  the  oil  and  glass  form  one  con- 
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tinuous  system.  The  rays  are  not  bent  on  entering  the  lens  from  below, 
and  the  plane  of  focus  is  farther  away  from  it. 

The  Need  for  a  Cover  Glass. — If 
the  upper  surface  of  the  object  is 
curved  or  irregular,  as  is  usually  the 
case,  the  rays  of  light  passing  from 
it  through  the  air  above  to  a  dry 
objective  will  be  so  bent  that  the  image 
will  be  distorted.  This  does  not  hap¬ 
pen,  however,  if  a  cover  glass  is  used 
and  the  space  between  it  and  the  ob¬ 
ject  is  filled  with  a  transparent  em¬ 
bedding  material.  If,  however,  an  oil- 
immersion  lens  is  used  the  oil  fills  the 
space  between  it  and  the  object,  thus 
excluding  the  air.  Under  these  condi¬ 
tions  the  rays  pass  through  without 
bending,  and  the  cover  glass  is  un¬ 
necessary,  unless  one  desires  to  pre¬ 
serve  the  specimen  for  future  use. 

Illumination. — For  the  study  of 
relatively  large,  opaque  objects  with 
low  powers  of  the  microscope,  the  light 
is  made  to  strike  the  object  from  above 
and  is  reflected  from  it  upward 
through  the  objective.  With  small, 
transparent  objects,  however,  it  has 
been  found  best  to  have  the  light  trans¬ 
mitted  from  below.  Usually  the  light 
is  made  to  strike  a  mirror 1  set  ob¬ 
liquely  so  that  it  will  reflect  the  rays 
upward  through  the  preparation  to  be 
studied.  We  see  the  details  of  the 
object  because  they  intercept  this  light 
in  different  degrees. 

The  condenser,  a  large  lens  above  the  mirror,  receives  the  broad 
beam  of  light  from  it  and  concentrates  it  on  the  tiny  portion  of  the 
object  to  be  studied. 

1  If  the  microscope  has  a  substage  condenser  the  flat  side  of  the  mirror 
is  generally  used  for  daylight,  in  which  the  rays  are  parallel,  but  the  concave 
side  is  used  for  an  artificial  light  source  close  to  the  microscope. 
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Fig.  13.  Use  of  coverglass. 
The  top  figure  shows  how  light 
rays  passing  through  a  semi-trans¬ 
parent  object  may  be  deflected  at 
the  curved  surface.  This,  with  the 
refraction  of  rays  striking  the  ob¬ 
ject  from  above,  gives  a  distorted 
image.  The  middle  figure  shows 
how  these  faults  are  corrected  by 
mounting  the  object  in  balsam 
and  applying  a  coverglass.  In  the 
lower  figure  immersion  oil  makes 
the  coverglass  unnecessary. 
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An  iris  diaphragm  between  the  mirror  and  the  condenser  is  used  to 
regulate  the  amount  of  light  used  and  should  be  adjusted  for  each 
objective  to  give  the  most  satisfactory  intensity — more  for  higher  powers 
and  less  for  low  powers. 

It  may  be  noted  here  that  two  of  the  most  common  faults  of  be¬ 
ginners  in  microscopy  are  failure  to  adjust  the  light  properly  and  failure 
to  focus  constantly  on  the  slide  being  studied.  To  these  may  be  added 
the  tendency  to  allow  the  lenses  to  get  dirty  and  to  use  them  that  way. 


Fig.  14.  Left,  path  of  light  through  a  darkfield  condenser  which  deflects  the 
rays  from  the  objective,  making  a  dark  background  for  the  object.  Right,  path 
of  light  through  a  brightfield  condenser  into  the  objective.  M,  mirror;  D,  dia¬ 
phragm;  C,  condenser;  S,  slide;  O,  objective  lens.  From  Henrici’s  Biology  of 
Bacteria.  D.  C.  Heath  and  Co. 


Quality  of  Light. — Theoretically,  better  resolving  power  and  higher 
magnifications  could  be  had  with  ultraviolet  light  than  with  light  of 
longer  wave  length ;  however,  the  human  eye  is  not  sensitive  to  ultra¬ 
violet  rays,  and  hence  such  light  can  be  used  only  for  photographing 
the  objects  studied.  In  practice  clear  white  daylight  or  artificial  light 
that  imitates  it  is  more  satisfactory.  The  yellow  light  of  an  ordinary 
electric  bulb  is  much  less  desirable.  Small  substage  lamps,  screened  to 
imitate  daylight,  are  fairly  effective  for  moderate  magnifications,  and 
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powerful  lamps  to  throw  an  intense  beam  on  the  mirror  are  now  available 
for  use  with  oil-immersion  lenses. 

Darkfield  Illumination. — For  most  microscopic  work  the  fore¬ 
going  statements  apply,  but  for  certain  special  studies  another  method 
of  illumination  is  used.  Special  condensers  are  made  with  an  opaque 
disk  in  the  middle  to  prevent  any  light  from  passing  directly  from  the 
mirror  to  the  front  lens  of  the  objective.  The  field  of  vision,  therefore, 
is  dark  instead  of  light.  A  strong  light,  however,  is  sent  from  the  margins 
of  the  black  disk  obliquely  toward  the  central  axis,  and  if  this  light  strikes 


Fig.  15.  Unstained  spiral  organism  seen  by  darkfield  illumination.  Courtesy  of 

Spencer  Lens  Co. 


small  objects  such  as  bacteria  they  appear  as  brightly  illuminated  bodies 
in  striking  contrast  to  the  black  background  upon  which  they  appear 
to  rest  or  move. 

A  similar  principle  is  involved  in  the  ultramicroscope,  in  which  a 
horizontal  beam  of  light  striking  particles  too  small  to  be  seen  as  objects 
is  reflected  upward  through  the  microscope,  making  them  appear  as 
bright  points — just  as  strong  sunshine  coming  through  the  window  of  a 
poorly  illuminated  room  makes  a  “sunbeam”  of  dust  particles  too  small 
to  be  seen  otherwise. 
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Preparing  Bacteria  for  Microscopic  Study 

To  study  bacteria  to  the  best  advantage  several  methods  have  been 
devised,  each  serving  its  own  purpose. 

Study  of  Living  Bacteria. — For  the  microscopic  examination  of 
living  bacteria  the  hanging  drop  is  frequently  used.  A  small  drop  of  a 
suspension  of  the  organisms  in  bouillon  or  other  liquid  is  placed  on  a 
clean  cover  glass,  and  this  is  inverted  on  a  “hanging  drop”  slide,  which 
contains  a  depression  in  which  the  drop  is  suspended.  To  hold  the  cover 
glass  in  place  and  to  check  evaporation  from  the  drop  it  is  necessary  to 
smear  the  slide  where  the  cover  glass  will  rest  with  a  thin  layer  of 
vaseline,  oil,  or  glycerine.  The  last  has  the  advantage  of  being  easily 
washed  off  when  the  study  is  finished. 


Fig.  i 6.  Vertical  section  through  a  hanging  drop  preparation.  A,  natural  size. 
B,  enlarged  view  of  drop  showing  distribution  of  bacteria. 


The  hanging  drop  gives  the  bacteria  greater  freedom  of  motion  than 
they  would  have  if  confined  in  a  thin  layer  of  liquid  on  a  plain  slide  under 
a  cover  glass,  and  also  a  better  oxygen  supply. 

Study  of  Stained  Bacteria. — Bacteria  in  the  living  state  are  so 
nearly  transparent  that  little  can  be  seen  of  the  details  of  their  structure. 
For  this  reason  numerous  staining  methods  have  been  devised  to  make 
their  morphological  details  more  distinct.  These  methods  must  be 
learned  by  practice  in  the  laboratory,  and  it  will  be  sufficient  here  to  give 
a  general  outline  of  certain  procedures  that  most  of  them  have  in  common. 

( i )  The  organisms  must  be  taken  from  a  culture  of  an  age  suitable 
for  demonstrating  the  morphological  details  to  be  observed.  For  most 
purposes  a  very  young  culture  is  best,  but  for  spores  the  culture  needs 
to  be  older  to  insure  their  having  been  formed.  (See  page  34.) 
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(2)  The  organisms  are  spread  on  a  specially  cleaned  cover  glass  or 
slide,  care  being  taken  not  to  have  them  too  crowded  to  be  studied 
individually.  This  scattering  of  the  individuals  may  be  accomplished 
by  adding  a  little  of  the  culture  to  a  drop  of  water  and  then  applying 
this  dilute  suspension  to  the  cover  glass  or  slide  with  the  side  of  a  straight 
inoculating  needle. 

(3)  When  dry,  the  smear  is  “fixed”  with  heat  by  passing  the  cover 
glass  or  slide  through  a  small  blue  flame  several  times,  film  side  up. 
This  causes  the  bacteria  to  adhere  more  firmly  to  the  glass. 

(4)  The  stain,  either  cold  or  hot  as  the  method  requires,  is  applied 
to  the  bacterial  film  for  a  definite  length  of  time. 

(5)  The  excess  stain  is  washed  off  with  water,  or  with  a  decoloriz¬ 
ing  agent  such  as  alcohol  or  a  weak  acid. 

(6)  The  preparation  is  allowed  to  dry. 

(7)  If  the  preparation  is  to  be  preserved  for  future  use  it  is  mounted 
in  Canada  balsam  with  the  bacteria  between  the  slide  and  the  cover 
glass. 

Most  staining  methods  have  been  devised  to  bring  out  in  clear  detail 
certain  structures  such  as  granules,  spores,  flagella,  or  capsules;  others 
are  for  the  purpose  of  determining  whether  the  body  of  the  organism 
being  tested  will  hold  the  stain  or  lose  it  in  the  method  used — a  distinc¬ 
tion  that  has  value  for  purposes  of  identification.  For  example,  tuber¬ 
culosis  organisms  and  also  bacterial  spores  are  “acid  fast” — i.e.,  after 
the  stain  has  been  forced  through  their  relatively  impervious  walls  by 
heat  the  cells  or  spores  will  retain  it  even  when  washed  with  weak  acid. 
Also,  in  Gram  staining,  which  is  one  of  the  methods  most  commonly 
used,  Gram-positive  bacteria  retain  the  stain  while  Gram-negative  ones 
give  it  up  on  washing. 

Literally  hundreds  of  staining  methods  have  been  devised,  but  scarcely 
more  than  a  dozen  are  in  really  common  use  in  bacteriology. 


Review  Questions 

1.  How  large  is  a  micron? 

2.  How  small  an  object  can  the  unaided  eye  detect  under  the  most  favor¬ 

able  conditions? 

3.  Explain  how  a  simple  ,lens  makes  an  object  appear  larger  than  it 

really  is. 

4.  How  is  the  optical  density  of  a  transparent  medium  related  to  the 

velocity  with  which  light  passes  through  it? 
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5.  In  a  simple  lens,  about  how  high  a  magnification  has  been  found  prac¬ 

ticable  for  use? 

6.  State  approximately  the  magnification  of  a  compound  microscope  having 

a  10  ocular:  (1)  in  combination  with  a  16  mm.  objective;  (2)  in 
combination  with  an  8  mm.  objective;  (3)  in  combination  with  a 
1.8  mm.  oil-immersion  objective. 

7.  Give  two  reasons  why  an  8  mm.  objective  requires  stronger  illumination 

than  a  16  mm.  objective. 

8.  What  is  the  purpose  of  the  substage  condenser? 

9.  If  oil  were  omitted  from  the  oil-immersion  objective  why  would  the 

image  be  imperfect? 

10.  Describe  the  appearance  of  bacteria  in  a  darkfield  microscope.  De¬ 

scribe  the  path  of  light  as  it  passes  through  a  darkfield  microscope. 

11.  In  what  respect  is  a  hanging  drop  more  satisfactory  for  studying  living 

bacteria  than  the  ordinary  slide  and  cover  glass? 

12.  State  an  advantage  and  a  disadvantage  that  come  from  staining  bacteria 

in  preparation  for  study. 

13.  What  is  the  purpose  of  heating  the  smear  of  bacteria  after  it  has  been 

applied  to  the  cover  glass  or  slide? 

14.  What  is  meant  by  an  “acid-fast”  organism?  What  is  meant  by  a 

“Gram-positive”  organism? 

15.  Why  is  the  Gram  stain  used  so  much  more  than  other  stains? 


CHAPTER  IV 


MORPHOLOGY  OF  BACTERIA 

The  morphological  study  of  bacteria  is  made  difficult  by  the  exceed- 
ingly  small  size  of  the  cells,  which  in  some  species  almost  reaches  the 
lower  limits  of  vision  by  the  best  microscopes,  namely,  about  o.i  micron. 


© 
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Fig.  17.  Relative  sizes  of  microorganisms,  etc.  1,  red  blood  cell;  2,  dry 
spore  of  Rhizopus;  3,  dry  spore  of  Penicillins ;  4,  Yeast  cell;  5,  Bacillus  subtilis; 
6,  Staphylococcus  aureus. 

In  this  lowest  group  of  plants  the  individual  is  but  a  single  cell, 
although  in  some  species  these  cells 
cling  together  for  a  time  after  their 
formation  by  division. 

Shapes  of  Cells. — Three  conven¬ 
tional  shapes  of  cells  are  recognized. 

By  far  the  commonest  is  the  rod 
shape,  the  rods  being  relatively  long 
or  short  according  to  the  species  and 
either  straight  or  slightly  bent.  The 
second  most  common  shape  is  spheri¬ 
cal  or  nearly  so,  the  abutting  sides 
of  attached  individuals  often  being 
flattened  against  each  other.  The 
least  common  shape  of  the  three  is  the 
spiral  rod.  In  certain  families  these  rods  are  flexible,  but  in  others 
they  are  rigid,  as  they  are  in  the  families  of  straight  rods. 
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Fig.  18.  “Conventional”  shapes 
of  bacteria — straight  rods,  spiral 
rods,  and  spheres. 
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In  recent  years  it  has  become  evident  that  the  idea  that  each  species, 
regardless  of  conditions,  is  characterized  by  a  single  definite  cell  form 
cannot  be  maintained.  Old  cultures  of  some  species  often  show  certain 
forms  that  are  large  and  irregular  or  branched — the  so-called  “involu¬ 
tion  forms.”  Whether  these  represent  cells  in  process  of  disintegration, 
as  was  once  supposed,  or  a  stage  in  normal  development,  is  debatable. 
Perhaps  they  are  sometimes  one  and  sometimes  the  other.  It  is  not 
unusual  to  find  spherical  cells  in  supposedly  pure  cultures  of  rod-shaped 
or  spiral-shaped  species,  a  phenomenon  known  as  polymorphism  or 
pleomorphism.  It  seems  likely  that  our  conception  of  a  conventional 


Fig.  19.  A,  normal  cells,  and  B,  involution  forms  of  Bacillus  megatherium. 
Redrawn  from  Henrici’s  Morphologic  Variation  and  the  Rate  of  Growth  of 
Bacteria.  Charles  C.  Thomas,  Pub. 


form  and  one  only — as  rod,  spiral,  or  sphere — for  each  species  is  based 
on  a  study  of  young  cultures  exclusively.  Had  we  not  considered  old 
cultures  as  made  up  of  unhealthy  cells,  which  they  sometimes  are,  we 
would  have  realized  that  a  considerable  variety  of  normal  forms  is  the 
rule  rather  than  the  exceptional  occurrence.  It  is  claimed  that  certain 
species  pass  through  definite  life  cycles,  but  the  subject  needs  further  in¬ 
vestigation.  More  detailed  discussion  of  cell  forms,  mutations,  and  life 
cycles  will  be  found  in  Chapter  VII. 

Size. — The  range  in  size  of  bacteria  is  much  greater  than  is  generally 
realized.  Among  the  round  (coccus)  forms  the  diameter  varies  from 
0.5  to  2.5  microns,  a  few  being  a  little  larger.  In  the  rod-shaped  species 
the  variations  are  much  greater — from  0.2  to  2.0  microns  in  diameter, 
and  from  1.0  to  15.0  microns  or  more  in  length.  A  few  rod  and  spiral 
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forms  have  been  described  that  are  much  larger.1  For  each  species  the 
size  is  fairly  constant,  except  that  when  a  full-grown  cell  divides,  the 
daughter  cells  are  at  first  only  half  as  large  as  the  parent  was.  Under 
unusual  circumstances  giant  cells  are  sometimes  produced. 


Fig.  20.  Bacteria  of  different  sizes  and  shapes,  all  drawn  to  the  same  scale, 
i,  Spirochaeta  plicatilis ;  2,  Treponema  pallidum ;  3,  Streptococcus  parvulus ;  4, 
Spirillum  undula;  5,  Streptococcus  pyogenes;  6,  Bacillus  anthracis ;  7,  Mycobac¬ 
terium  tuberculosis;  8,  Bacillus  megatherium;  9,  Beggiatoa  alba;  10,  Hemophilis 
pertussis. 

Cell  Structure. — It  is  generally  accepted  that  living  cells  of  all 
kinds  have  at  least  three  things  in  common :  some  form  of  outer  wall  or 
membrane,  cytoplasm,  and  nuclear  material,  each  making  its  own  con¬ 
tribution  to  the  life  of  the  cell. 

1  It  is  difficult  to  give  a  satisfactory  statement  of  the  size  range  of 
bacteria.  According  to  some  investigators  certain  species  may  pass  through 
a  stage  in  which  they  become  ultramicroscopic  in  size.  The  dimensions  given 
above  apply  to  the  “true”  bacteria,  the  order  Eubacteriales.  Among  the 
“higher”  bacteria  of  the  order  Thiobacteriales  much  larger  forms  have  been 
found,  reaching  30.0  microns  in  diameter  and  80.0  or  more  microns  in  length. 
Some  of  the  higher  bacteria  are  said  to  have  cells  500  microns  long,  and 
spherical  cells  40  microns  in  diameter  have  been  described. 
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Fig.  21.  Structure  of  bacterial 
cell.  The  chromatin  material, 
shown  by  fine  dots,  is  dilfused 
through  the  cytoplasm. 


The  wall  of  the  bacterial  cell  differs  from  that  of  higher  plants  in 
that  it  contains  no  cellulose,  except  in  rare  cases  (e.g.,  Acetobacter 
xylinum).  There  is  evidence  that  it  contains  some  nitrogenous  material. 
By  some  bacteriologists  it  is  regarded  as  an  outer,  firm  layer  of  the 
protoplasm.  It  appears  to  add  to  the  rigidity  of  the  cell  and  to  be  either 

semi-permeable  in  itself  or  lined  by  an 
inner  semi-permeable  membrane.  The 
latter  view  is  supported  by  the  fact 
that  when  bacterial  cells  are  plas- 
molyzed  the  protoplasm  usually  shrinks 
away  from  the  wall,  which  does  not 
collapse. 

Outside  the  cell  wall  is  a  softer 
capsule  which  is  very  thick  and  con¬ 
spicuous  in  some  species  and  thinner, 
perhaps  absent,  in  others.  Around  cells  of  the  pneumonia  organism  just 
removed  from  a  patient  the  capsule  is  very  conspicuous,  but  it  is  much 
less  evident  after  the  organism  has  been  grown  in  cultures.  The  cap¬ 
sules  of  different  species  are  known  to  vary  in  composition,  but.  poly¬ 
saccharides  or  their  derivatives  are  important  constituents.  As  a  rule 
stains  readily  wash  out  of  capsules,  leaving  them  transparent  or  nearly  so. 

Cytoplasm  probably  exists  in  all  bac¬ 
terial  cells,  but  whether  it  forms  an  outer 
layer  or  mingles  with  the  nuclear  material 
is  still  a  subject  of  controversy.  Large 
vacuoles  are  normally  absent. 

The  most  perplexing  cytological  feature 
of  bacteria  is  the  nucleus.  On  theoretical 
grounds  we  would  expect  nuclear  material 
to  be  present,  for  bacteria  transmit  heredi¬ 
tary  traits  from  parent  to  offspring,  a  func¬ 
tion  usually  assigned  to  chromatin  material 
as  found  in  nuclei. 

In  the  smaller  bacteria  and  most  of  the 
others  no  evidence  of  a  differentiated 

nucleus  has  been  seen,  and  the  difficulties  in  interpreting  the  structure  of 
some  of  the  larger  species  that  have  been  studied  closely  have  led  to  four 
different  opinions:  (i)  The  entire  cell  is  composed  of  a  nucleus,  with  no 
cytoplasm,  or  at  most  only  a  very  thin  outer  layer.  (2)  The  entire  cell 
is  composed  of  cytoplasm,  with  no  nucleus  of  any  kind.  (3)  There  is  a 


Fig.  22.  Plasmolyzed  cells, 
excepting  the  upper,  which  is 
normal. 
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distinct  nucleus  in  the  cytoplasm  as  in  the  cells  of  other  forms  of  life.  (4) 
Minute  chromatin  granules  are  mingled  with  the  cytoplasm  but  not 
enclosed  in  a  nuclear  membrane.  The  last  opinion,  that  of  a  “diffuse” 
nucleus,  has  considerable  support  both  in  observation  and  in  theory  and 
has  a  strong  following  among  bacteriologists.  It  should  be  noted  here 
that  a  similar  nuclear  structure  is  found  in  the  cells  of  the  blue-green 
algae,  where,  however,  the  nuclear 
particles  are  larger  and  easily  vis¬ 
ible  with  a  microscope. 

Probably  some  of  the  support 
for  the  idea  of  a  distinct  nucleus 
in  bacteria  has  come  from  careless 
observation  and  interpretation  of 
non-nuclear  cell  granules.  These 
include  food  particles,  fats,  glyco¬ 
gen,  proteins,  and  other  materials. 

Those  inclusions  most  resembling  chromatin  in  their  staining  reactions 
with  basic  dyes  are  the  volutin  or  metachromatic  granules,  which  are 
especially  conspicuous  in  old  cultures  of  the  diphtheria  organism. 

Flagella. — Many  species  of  bacteria  are  motile — many  are  not. 
Motility  is  accomplished  by  the  action  of  whiplike  protoplasmic  extensions 
from  the  body  of  the  cells.  These  flagella  vary  considerably  in  number 
and  position.  In  spherical  bacteria  flagella  are  usually  absent  and,  if 


Fig.  23.  Alcaligenese  viscosus,  show¬ 
ing  capsules. 


/V  on  otrichic  L  o  /o  h  O  trich  ic 


Amphitrichic  Lophotrichic 


Fig.  24.  Different  distributions  of  flagella  on  bacterial  cells. 


present,  there  are  only  one  or  two  per  cell.  On  the  spiral  rods  they  are 
usually  present  and  are  always  at  the  ends,  or  poles,  never  on  the  sides. 
The  greatest  diversity  is  found  among  the  straight  rods.  Some  of  these 
have  no  flagella,  some  have  one  or  two  at  one  end,  some  have  a  tuft  at 
one  end  or  both,  and  some  have  them  over  the  entire  body.  Follow¬ 
ing  cell  division  there  is  a  short  period  when  one  end  of  those  with 
bipolar  flagella  is  without  them. 
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The  following  terms  are  used  to  designate  the  distribution  of  flagella 
on  the  cell : 


Monotrichic  =  one  flagellum  at  one  end 
Lophotrichic  =  a  cluster  of  flagella  at  one  end 
Amphitrichic  =  a  cluster  of  flagella  at  each  end 
Peritrichic  =  flagella  over  the  entire  body 


There  is  much  diversity  of  opinion  concerning  the  attachment  of  the 
flagella  to  the  body  of  the  cell.  They  are  themselves  protoplasmic,  and 
it  is  natural  to  suppose  that  they  must  be  connected  with  the  living 
protoplasm  of  the  cell  body,  but  how  this  connection  is  brought  about  is 
difficult  to  determine.  The  picture  is  clouded  by  uncertainty  as  to 
whether  the  cell  membrane  is  an  ectoplasmic  layer  or  a  non-living  outer 


Fig.  25.  Development  of  flagella  by  Bacillus  subtilis.  A,  absence  of  flagella 
on  vegetative  cells  just  emerged  from  spores.  B,  first  appearance  of  flagella  (after 
Fisher).  C,  fully  developed  flagella. 


wall.  It  is  claimed  by  some  that  the  flagella  are  continuous  with  the 
outer  cell  layer,  and  by  others  that  they  extend  from  the  inner  protoplasm 
through  pores  in  the  non-living  wall.  In  any  event,  it  has  been  shown 
that  they  are  different  in  composition  from  the  main  body  of  the  cell. 

Flagella  are  not  constantly  present  on  the  cell.  Under  certain  con¬ 
ditions  they  are  shed,  and  later  a  new  supply  grows  out. 

Action  of  Flagella  in  Locomotion. — Studies  of  living  bacteria  with 
dark  field  illumination  have  shown  in  detail  the  method  by  which  the 
flagella  propel  the  cell  through  a  liquid  medium.  They  do  not  simply 
lash  back  and  forth,  but  each  has  its  own  spiral  movement.  When  in 
action  the  flagella  on  the  sides  stand  out  and  back  at  an  angle  of  about  45  0 
from  the  long  axis  of  the  cell.  As  seen  from  the  rear  the  tips  of  the 
flagella,  in  some  species  at  least,  revolve  clockwise  while  the  cell  in 
advancing  revolves  counter-clockwise.  Change  in  direction  of  locomo- 
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tion  is  brought  about  by  cessation  of  movement  of  some  flagella  while 
others  continue  their  action. 

The  actual  rate  of  locomotion  is  much  slower  than  it  appears,  for 
the  microscope  magnifies  the  apparent  speed  as  much  as  it  does  the  size 
of  the  organism.  Probably  few  kinds  of  bacteria  can  swim  faster  than 
io  cm.  per  hour  and  most  motile  species  not  more  than  5  mm.  per  hour. 

Bacterial  Spores  (Endospores). — Two  genera 1  of  bacteria  are 
distinguished  by  the  fact  that  they  produce  bodies  that  are  physiologically 
dormant  and  capable  of  greater  resistance  to  unfavorable  conditions  than 
are  the  active  or  vegetative  cells  of  the  same  species.  They  are  called 


Fig.  26.  Two  conceptions  of  the  method  of  attachment  of  flagella.  A,  extending 
through  the  wall  from  the  cytoplasm.  B,  extending  from  the  cell  wall. 

spores  or  endospores — which  is,  perhaps,  an  unfortunate  term,  for  they 
are  not  reproductive  bodies  as  are  the  spores  of  fungi  and  algae. 

In  spore  formation  the  protoplasm  gives  up  a  large  portion  of  its 
moisture  and  rounds  up  about  the  nuclear  material  in  one  part  of  the 
cell.  This  may  be  in  the  center  of  the  rod,  in  the  end,  or  at  some 
intermediate  point,  the  position  being  characteristic  of  the  species.  A 
thick  wall  is  then  formed  about  the  protoplasm  that  is  included  in  the 
spore.  In  some  species,  particularly  in  the  genus  Bacillus ,  the  spore  is 
slightly  smaller  than  the  diameter  of  the  cell  that  produced  it,  but  in 

1  According  to  the  system  of  classification  used  in  this  book  and  described 
in  the  next  chapter,  the  genus  Bacillus  is  made  up  of  aerobic  spore-forming 
rods  and  the  genus  Clostridium  is  made  up  of  anaerobic  spore-forming  rods. 
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most  species  of  the  genus  Clostridium  the  spore  swells  the  wall  of  the 
old  cell,  either  at  the  end  or  in  the  middle.  In  shape  bacterial  spores 
are  ellipsoidal  to  spherical.  They  may  remain  surrounded  by  the  wall 
of  the  mother  cell  in  which  they  were  formed,  but  more  often  this  wall 
disintegrates  and  releases  the  spore. 

In  most  cases  each  cell  forms  but  a  single  spore.  When  two  are 
formed  in  a  cell  it  perhaps  means  that  just  before  spore  formation  the 
protoplasm  of  the  cell  divided  in  two,  without  actually  building  a 
cross-wall. 

When  conditions  become  favorable  the  spores  germinate,  each  one 
forming  again  an  active  vegetative  cell.  Two  methods  of  germination 
have  been  observed.  In  one  method  an  opening  appears  in  the  spore  wall, 
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Fig.  27.  Bacterial  spores.  Some  have  escaped  by  the  disintegration  of  the  cell 

wall. 


and  the  protoplast  is  extruded  and  takes  on  the  size,  shape,  and  character 
of  the  original  vegetative  cell.  The  old  spore  wall  is  thus  left  behind 
like  an  empty  shell.  Whether  the  escape  of  the  protoplast  is  through  a 
breach  in  the  end  of  the  spore,  at  the  side,  or  at  some  intermediate  point 
is  characteristic  of  the  species.  In  the  other  method  the  spore  wall  softens 
and  stretches  out  as  the  protoplast  absorbs  water  and  enlarges  to  its 
original  rod  shape,  thus  becoming  the  wall  of  the  new  vegetative  cell. 
As  a  rule  each  species  follows  one  or  the  other  of  these  two  methods  of 
spore  germination,  but  both  have  been  observed  in  the  same  species. 

Most  species  are  wholly  incapable  of  forming  spores.  Among  those 
which  do  so  certain  conditions  are  known  to  favor  the  process.  Among 
these  the  aging  of  the  culture  is  the  most  common.  In  old  cultures  that 
have  not  recently  been  transferred  to  a  fresh  culture  medium,  spores 
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Fig.  28.  The  part  played  by  spores  in  the  regular  life  cycle  of  a  spore-forming 
species.  If  transfers  are  made  to  fresh  media  at  frequent  intervals  the  spores 
may  be  omitted  from  the  cycle. 


Fig.  29.  Fig.  30. 

Fig.  29.  Methods  of  spore  formation  in  bacteria.  A  spore  may  form  in  any  part 
of  the  cell  and  may  or  may  not  bulge  the  cell  wall. 


Fig.  30.  Methods  of  spore  germination  in  bacteria.  In  A  the  protoplast 
escapes  from  the  spore  wall  through  an  opening.  In  B  the  spore  wall  softens  and 
stretches  out  to  form  the  wall  of  the  vegetative  cell. 
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will  usually  be  found,  while  spore  formation  can  usually  be  prevented 
indefinitely  by  frequent  transfer  to  fresh  tubes  or  flasks  of  culture  medium. 
This  suggests  the  presence  of  excretion  products  of  the  bacteria  them¬ 
selves  as  a  condition  favoring  spore  formation.  Otherwise  no  general 
rules  can  be  laid  down  at  this  time  as  to  what  conditions  induce  spore 
formation  among  all  spore-forming  species  of  bacteria.  In  some  species 
the  conditions  favoring  spore  formation  are  those  most  suitable  for  the 
development  of  the  bacteria.  Bacillus  anthracis  requires  a  good  supply 
of  free  oxygen  and  a  temperature  near  its  optimum  of  3 7°  C.  Some 
strains  of  this  species  and  of  others  of  the  same  genus  have  lost  their 
power  of  spore  formation. 

Partly  because  of  their  impervious  walls  and  partly  because  of  their 
low  content  of  unbound  water,  spores  are  more  resistant  than  vegetative 
cells  to  unfavorable  conditions  such  as  disinfectants,  light,  and  especially 
freezing,  heat,  and  dryness. 

Spores  may  be  detected  by  two  different  methods.  ( 1 )  Morphological. 
Spores  can  be  seen  and  recognized  with  the  microscope.  In  unstained 
preparations  they  appear  as  highly  refractive,  ellipsoidal  or  spherical 
bodies.  In  preparations  stained  with  cold  aniline  dyes  they  reject  the 
stain  and  remain  clear.  By  special  methods,  usually  involving  heat, 
spores  can  be  stained  differently  from  vegetative  cells.  (2)  Physiological. 
Spores  are  heat  resistant  up  to  the  boiling  point  of  water  or  slightly 
above.  If  old  cultures  are  heated  at  about  90°  C.  for  ten  minutes  the 
vegetative  cells  will  be  killed,  and  the  spores,  if  any  are  present,  will 
remain  alive.  If  such  a  heated  culture  produces  a  growth  when  trans¬ 
ferred  to  culture  media,  this  is  evidence  of  the  presence  of  spores  which 
survived  the  heating. 

Mass  Morphology. — This  chapter  has  thus  far  been  devoted  to  the 
morphology  of  individual  cells,  but  some  attention  should  be  given  also 
to  visible  masses  of  bacteria,  a  subject  termed,  by  the  late  Dr.  Jordan, 
“mass  morphology.” 

If  bacteria  are  grown  on  the  surface  of  a  moist,  solid  mass  of  food, 
such  as  cooked  vegetables  or  meat,  or  culture  media  solidified  with  gelatin 
or  agar-agar,  they  are  unable  to  scatter  about  and  consequently  pile  up 
in  visible  masses.  If  such  a  mass  starts  from  a  single  cell,  or  a  group  of 
cells  that  has  resulted  from  recent  division,  it  is  called  a  colony ,  but  this 
term  should  not  be  applied  indiscriminately  to  all  visible  growths  of 
bacteria.  Often  the  appearance  of  these  colonies  or  other  growths — the 
size,  color,  and  shape — is  characteristic  of  the  species.  Further  details 
will  be  given  in  Chapter  VI,  “The  Use  of  Cultures.” 
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Fig.  31.  Types  of  bacterial  growth  on  solid  media,  showing  mass  morphology. 
Top  row,  agar  strokes;  lower  left,  agar  colonies  in  Petri  dish;  lower  right, 
agar  stab. 
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The  color  of  bacteria  is  best  seen  in  these  masses.  Most  species  are 
whitish,  grayish,  or  nearly  transparent,  but  a  few  produce  pigments  of 
various  kinds.  In  the  order  of  their  frequency  shades  of  yellow  are  the 
commonest,  while  reds,  blues,  violets,  greens,  and  browns  are  occasionally 
seen.  These  pigments  may  be  dependent  on  certain  environmental  con¬ 
ditions,  such  as  the  presence  of  free  oxygen,  suitable  temperature,  and 
suitable  hydrogen-ion  concentration.  Some  species  require  the  presence 
of  phosphates  and  others  the  presence  of  sulfates  for  pigment  formation. 
Whether  or  not  any  of  these  pigments  serve  a  useful  purpose  to  the 
organisms  that  produce  them  is  debatable.  Certainly  most  kinds  of 
bacteria  thrive  without  them.  In  most  cases  the  pigments  remain  within 
the  cell  during  its  life,  but  the  green  fluorescent  pigments  of  the  genus 
Pseudomonas  are  water  soluble  and  diffuse  from  the  cell  into  the  sur¬ 
rounding  medium. 

Review  Questions 

1.  Give  two  examples  of  morphological  characteristics  of  bacteria. 

2.  Why  do  we  not  regard  a  chain  of  bacteria  as  an  individual  rather  than 

as  a  collection  of  individuals? 

3.  What  is  meant  by  the  expression  “conventional  shapes”  of  bacteria?  Of 

the  three  conventional  shapes,  which  is  represented  by  the  greatest 
number  of  species  and  which  by  the  fewest  number? 

4.  Define:  (1)  polymorphism,  (2)  involution  forms,  (3)  mass  morphology, 

(4)  capsule,  (5)  pleomorphism. 

5.  H  ow  would  you  explain  the  fact  that,  in  a  pure  culture  of  bacteria, 

cells  may  be  found  varying  from  two  microns  to  four  microns  in 
length?  Why  is  more  variation  found  in  the  length  of  bacterial  cells 
than  in  their  diameter? 

6.  Name  and  describe  the  different  ways  in  which  flagella  are  distributed 

on  the  cell. 

7.  What  is  the  evidence  that  all  bacteria  have  nuclear  material?  Why 

is  it  so  difficult  to  determine  the  character  of  the  nucleus  of  bacteria? 
What  is  the  most  commonly  accepted  view  as  to  the  structure  of  the 
nucleus  in  bacteria? 

8.  Why  would  we  expect  flagella  to  connect  with  the  protoplasm  rather 

than  the  wall? 

9.  Why  do  motile  bacteria  appear  under  the  microscope  to  be  traveling 

faster  than  they  really  do  travel? 

10.  State  the  occurrence  of  spore  formation  among  bacteria.  Describe  the 

process  of  spore  formation.  Describe  two  methods  of  spore  germina¬ 
tion. 

11.  Given  a  young  culture  of  Bacillus  subtilis,  how  could  you  prevent  it 

from  forming  spores  and  yet  keep  it  healthy  and  vigorous? 
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12.  Of  what  value  are  spores  to  bacteria?  How  do  fungus  spores  and 

bacterial  spores  differ  in  function? 

13.  Give  two  ways  for  determining  whether  or  not  spores  are  present  in 

a  culture  of  bacteria. 

14.  Why  should  not  the  growths  in  agar  slants  and  stabs  be  called  colonies? 

15.  Name,  in  the  order  of  frequency,  the  colors  found  among  bacterial 

species. 

16.  Give  an  example  of  a  condition  that  will  prevent  a  chromogenic  species 

from  producing  pigment. 
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CLASSIFICATION  OF  BACTERIA 

For  a  considerable  time  after  their  discovery  by  Leeuwenhoek  bacteria 
were  regarded  as  animals  and  grouped  with  the  protozoa.  They  were 
so  treated  by  the  Danish  zoologist,  Muller,  in  1773  and  by  the  German 
biologist,  Ehrenberg,  in  his  much  more  extensive  classification  of  the 
protozoa  in  1838.  Before  the  end  of  that  century,  however,  bacteria 
had  come  to  be  looked  upon  as  minute  forms  of  plant  life.  As  a  con¬ 
sequence  the  German  botanist,  Cohn,  made  the  first  classification  of 
bacteria  as  a  group  distinct  from  the  protozoa.  This  work  was  pub¬ 
lished  in  brief  form  in  1872  and  greatly  amplified  in  1875.  Since  then 
several  different  systems  of  bacterial  classification  have  been  proposed, 
but  none  has  received  universal  acceptance.  At  the  present  time  the 
interest  in  this  field  of  bacteriology  runs  high. 

Difficulties  in  Classifying  Bacteria 

In  the  classification  of  plants  and  animals  it  has  long  been  the  custom 
to  use  morphological  characters  almost  exclusively.  It  is  much  more  con¬ 
venient  to  classify  these  more  complex  forms  of  life  on  the  basis  of  what 
they  look  like  rather  than  on  what  they  can  do.  Physiology,  therefore, 
has  been  largely  ignored  as  a  basis  for  classification. 

The  higher  plants  and  animals,  however,  have  many  morphological 
characters  that  can  be  used  for  purposes  of  classification,  while  the 
bacteria  have  but  few.  A  rather  narrow  range  of  size,  a  few  simple 
shapes,  flagella,  spores,  and  capsules,  special  reproductive  bodies  in  a 
few  species — these  are  about  all  the  morphological  characters  of  bacteria, 
unless  future  studies  reveal  more  complicated  life  cycles  than  we  now 
recognize.  Most  classifications  of  bacteria  have  failed  because  they  were 
too  exclusively  morphological. 

There  are  many  kinds  of  bacteria  that  look  so  much  like  each  other 
that  no  one  can  tell  the  difference  with  a  microscope.  Then  why  not  call 
them  all  one  species?  Because  they  are  physiologically  different.  One 
species  can  cause  one  disease  and  another  can  cause  a  different  disease, 
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while  still  others  cause  no  disease  at  all.  One  can  produce  one  kind  of 
chemical  substance,  and  another  a  different  kind.  One  can  utilize  a 
certain  kind  of  material  for  food,  while  another  cannot.  These  facts 
show  that  we  are  dealing  with  different  species  even  though  they  may 
look  alike.  It  is  obvious,  then,  that  we  must  take  into  consideration  all 
kinds  of  similarities  and  differences  if  we  are  to  classify  bacteria  properly. 

The  Plan  of  Classification  and  Nomenclature 

In  the  classification  and  naming  of  bacteria  the  principles  laid  down 
in  systematic  botany  and  zoology  are  generally  followed. 

Bacteria  are  now  considered  as  one  class  of  the  lowest  division  of  the 
plant  kingdom.  This  class  has  seven  orders;  the  orders  are  subdivided 
into  families ,  the  families  into  tribes,  the  tribes  into  genera,  and  the 
genera  into  species.  Following  the  binomial  system  of  Linnaeus,  long  ago 
adopted  by  botanists  and  zoologists,  a  generic  and  a  specific  name  are 
assigned  to  each  species.  For  example,  Streptococcus  lactis  is  the  organism 
chiefly  responsible  for  the  souring  of  milk.  The  generic  name  should 
begin  with  a  capital  letter,  and  the  specific  name  with  a  small  letter. 

For  ready  reference  the  student  will  find  the  following  arrangement 
convenient  for  showing  the  sequence  of  groups,  or  categories,  from  the 
largest  to  the  smallest. 

Kingdom 

Division  (or  phylum) 

Class 

Order 

Family 

Tribe 

Genus 

Species 

The  Present  System  of  Classification 

The  chaotic  condition  of  bacterial  classification  caused  the  Society 
of  American  Bacteriologists  to  set  up  as  a  major  project  the  construction 
of  a  more  satisfactory  system. 

Origin  of  the  “ S .  A.  B.”  System. — At  its  annual  meeting  in  Urbana, 
Illinois,  in  1915,  the  Society  of  American  Bacteriologists  assigned  to  its 
Committee  on  Classification,  of  which  C.  E.  A.  Winslow  was  chairman, 
the  task  of  formulating  a  new  system  of  classification,  drawing  chiefly, 
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of  course,  upon  known  information  about  the  different  species,  with  the 
expectation  that  this  would  be  supplemented  by  new  information  as  it 
became  available.  A  report  of  progress  was  made  at  the  annual  meeting 
of  the  Society  in  1916  and  published  in  1917.  The  final  report  was 
published  in  1920. 

This  system  of  classification  as  proposed  by  the  Committee  was  not 
formally  adopted  by  the  parent  society,  as  it  was  looked  upon  as  a  work¬ 
ing  basis  for  further  revision  and  additions  and,  to  that  end,  should  re¬ 
main  in  a  plastic  condition.  Furthermore,  the  Society  felt  that  formal 
adoption  or  other  legislation  could  neither  add  to  nor  detract  from  the 
merits  of  the  work,  but  that  each  individual  must  feel  free  to  make  his 
own  decisions  concerning  it. 

A  new  committee  was  appointed  by  the  Society  of  American  Bacterio¬ 
logists,  with  D.  H.  Bergey  as  chairman,  to  shape  the  work  into  more 
usable  form. 

In  1923  the  system  was  published  in  book  form  under  the  title 
Manual  of  Determinative  Bacteriology ,  with  D.  H.  Bergey  as  author. 
The  manual  has  been  revised  at  intervals  with  great  improvements  and 
additions.  The  fifth  edition,  in  1939,  still  under  the  original  title,  was 
prepared  under  the  editorship  of  Prof.  Robert  S.  Breed,  Dr.  Bergey 
having  died  in  1937. 

Character  of  the  Work. — The  “S.  A.  B.,”  or  “American,”  plan  of 
classification  divides  the  bacteria — class  Schizomycetes — into  seven  orders. 
A  preview  of  these  orders  may  be  obtained  by  carefully  studying  the 
analytical  key  to  the  orders  on  page  69  of  the  fifth  edition  of  Bergey’s 
Manual,  which  is  as  follows: 

The  Class  Schizomycetes 

Typically  unicellular  plants,  cells  usually  small  and  relatively  primi¬ 
tive  in  organization.  The  cells  are  of  many  shapes,  spherical,  cylindrical, 
spiral  or  filamentous ;  in  the  latter  case  there  may  be  false  or  more  fre¬ 
quently  true  branching;  cells  often  united  into  groups,  families  or 
filaments;  occasionally  in  the  latter  showing  some  differentiation  among 
the  cells,  simulating  the  organization  seen  in  certain  of  the  blue-green, 
filamentous  algae.  Multiplication  typically  by  cell  fission.  Endospores 
are  formed  by  some  species  of  the  Eubacteriales,  conidia  by  some  of  the 
filamentous  forms.  Chlorophyll  is  produced  by  none  of  the  bacteria 
(with  the  possible  exception  of  a  single  genus).  Many  forms  produce 
pigments  of  other  types.  The  cells  may  be  motile  by  means  of  flagella; 
some  of  the  forms  intergrading  with  the  protozoa  are  flexuous.  A  few 
filamentous  forms  (as  Beggiatoa)  show  oscillatory  movement  similar 
to  that  of  certain  blue-green  algae  (as  Oscillatoria) . 
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Key  to  the  orders  of  the  class  Schizomycetes. 

1.  Simple  and  undifferentiated  forms,  without  true  branching.  Occur 
as  spheres,  short  or  long  straight  rods,  or  as  curved  rods.  Motile 
or  non-motile.  Endospore  formation  occurs  in  some  species.  Some 
species  form  pigment.  Some  species  store  reserve  materials  as 
volutin,  glycogen  or  fat.  Sulfur  and/or  iron  are  not  stored  as 
visible  particles. 

Order  I.  Eubcicteriales 

2.  Specialized  or  differentiated  forms,  occurring  as  spheres,  short  or 
long  straight  rods,  short  or  long  spirals,  or  filamentous  forms. 
Some  of  the  longer  forms  show  branching.  Endospores  are  not 
formed.  Some  of  the  orders  show  segmentation  of  the  terminal 
ends  of  filaments  into  short,  specialized  cells,  conidia,  which  are 
usually  more  resistant  to  external  agencies  than  are  the  vegetative 
forms.  Many  forms  produce  pigment,  others  contain  bacteriopur- 
purin  or  bacteriochlorin  or  both.  Some  forms  show  definite 
granules  of  sulfur  within  the  cytoplasm. 

a.  Mold-like. 

Cells  rod-shaped,  clubbed  or  filamentous,  with  decided  tendency  to 
true  branching.  Conidia  may  be  formed.  Sulfur  and  bacteriopurpurin 
absent. 

Order  IE  A ctinomycetales 

aa.  Alga-like.  Largely  filamentous,  aquatic  forms,  without  true 
branching. 

b.  Sheathed ;  sheath  often  impregnated  with  iron. 

Filamentous  forms,  aquatic,  may  show  false  branching.  Conidia  may 
be  developed.  Sulfur  and  bacteriopurpurin  absent. 

Order  III.  Chlcimydobacteriales 

bb.  Not  sheathed, 

c.  Stalked. 

Cells  spherical,  rod-shaped  or  curved,  not  filamentous.  Secrete  gum 
or  other  material  to  form  a  supporting  stalk.  Aquatic,  attached  to  solid 
objects. 

Order  IV.  Caulobacteriales 

cc.  Not  stalked;  sulfur  bacteria. 

Cells  spherical,  rod-shaped,  spiral  or  filamentous.  Endospores  and 
conidia  not  formed.  Contain  sulfur  granules  or  bacteriopurpurin. 

Order  V.  Thiobacteriales 

aaa.  Slime  mold-like. 

Motile  rod  forms  aggregating  to  form  pseudoplasmodia,  later  produc¬ 
ing  fruiting  bodies  on  aerial  stalks  which  give  rise  to  conidia-like  resting 
cells.  Often  pigmented. 

Order  VI.  Myxobactericiles 

aaaa.  Protozoan-like. 

Cells  slender,  spiral,  flexuous.  Endospores  not  formed.  Mostly 
parasitic.  Some  forms  transmitted  by  insect  vectors. 

Order  VII.  Spirochaetales 
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The  remainder  of  this  chapter  will  be  devoted  chiefly  to  a  brief  study 
of  the  characteristics  and  economic  significance  of  the  orders  of  bacteria. 


The  Order  Eubacteriales 

Members  of  this  order  are  sometimes  called  the  “true  bacteria,”  for 
while  there  may  be  some  question  as  to  whether  or  not  some  members 
of  other  orders  really  should  be  classed  as  bacteria  such  questions  are 
practically  never  raised  with  regard  to  any  members  of  the  Eubacteriales. 

This  order  includes  most  of  the  commoner  bacteria  studied  in  the 
laboratory,  both  saprophytes  and  parasites,  and  some  of  the  autotrophic 
species.  Its  importance  is  indicated  by  the  fact  that  it  contains  many 
more  species  than  the  other  six  orders  combined.  The  order  Eubacteriales 
was  technically  described  on  page  43.  Chapters  IV,  VI,  VII,  VIII, 
and  IX  of  this  book  apply  particularly  to  this  order,  although  they  are 
made  broad  enough  to  cover  briefly  the  entire  class  Schizomycetes. 

There  are  twelve  families  in  this  order,  the  more  important  of  which 
are  as  follows. 

Nitrobacteriaceae. — Mostly  Gram-negative  rods,  non-spore-form¬ 
ing,  and  autotrophic,  obtaining  energy  by  the  oxidation  of  hydrogen, 
methane,  carbon  monoxide,  ammonia,  nitrites,  sulfur,  or  thiosulfates. 
Non-parasitic  and  mostly  inhabitants  of  soil  and  water. 

While  this  is  a  relatively  small  family,  with  only  7  genera  and  about 
24  species,1  it  is  of  tremendous  economic  importance  to  man.  It  contains 
the  nitrifying  organisms  which,  living  in  enormous  numbers  in  nearly 
all  well-aerated  soils,  change  the  ammonia  of  decaying  organic  matter 
to  the  nitrates  so  essential  to  soil  fertility,  as  described  in  Chapters  IX 
and  XIII.  The  benefits  thus  obtained  from  the  action  of  these  bacteria 
more  than  offset  the  harm  done  by  all  disease-producing  species  combined. 

Rhizobiaceae. — Straight,  non-spore-forming  rods,  mostly  Gram- 

1  The  size  of  an  order,  family,  or  other  group  is  generally  measured  by 
the  number  of  species  in  that  group.  It  cannot  be  given  exactly  for  at  least 
three  reasons.  (1)  There  may  be  some  species  belonging  to  the  group  that 
have  never  been  discovered  and  named.  (2)  Organisms  that  one  authority 
looks  upon  as  representing  a  species,  other  authorities  would  divide  into  two 
or  more  species,  while  still  others  would  unite  them  with  some  other  species. 
(3)  Further  study  may  show  that  certain  species  have  been  placed  in  the 
wrong  group,  necessitating  revision  and  transfer. 

These  statements  apply  to  the  classification  of  all  living  things  but 
especially  to  the  bacteria.  The  numbers  recorded  in  this  chapter  are  taken 
from  the  fifth  edition  of  Bergey’s  Manual. 
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negative,  utilizing  dextrose  and  sometimes  other  sugars  with  little  or 
no  production  of  organic  acids. 


Nit r  o  s  o  m  o n as 


fi/i  tr  Oj6  acter 

Fig.  32.  Nitrifying  bacteria. 


The  fact  that  this  family  contains  the  genus  Rhizobiurn  with  6  species 
gives  it  great  importance,  for  these  species  are  capable  of  fixing  atmos- 


Fig.  33.  Different  cell  forms  of  Rhizobiurn  arranged  in  a  life  cycle.  From  A 
System,  of  Bacteriology,  Vol.  Ill,  by  W.  Bulloch  et  al.  Published  by  His  Majesty’s 
Office,  London. 

pheric  nitrogen  in  symbiosis  with  leguminous  plants  as  described  in 
Chapters  IX  and  XIII. 
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Pseudomonadaceae.  —  Gram -negative,  non-spore-forming  rods, 
mostly  with  i,  rarely  3  or  4,  polar  flagella.  Some  are  straight  and  others 
spirally  curved  1  but  rigid  and  dividing  transversely.  Some  are  saprophytes 
in  soil  or  water,  and  others  are  parasitic  on  plants  or  animals.  It  is  a 
large  and  important  family  of  8  genera  and  about  185  species.  Here 
are  to  be  found  Vibrio  comma ,  the  cause  of  Asiatic  cholera,  and  other 

species  of  the  same  genus 
which  cause  diseases  of  lesser 
importance.  Two  other 
genera  are  of  importance. 
Pseudomonas  with  31  spe¬ 
cies,  mostly  soil  and  water 
forms,  produces  a  green, 
yellow,  or  blue  pigment 
which  is  water  soluble  and 
diffuses  into  the  surrounding 
Fig.  34.  Pseudomonas  aeruginosa.  medium,  making  colored 

halos  around  the  colonies. 
Phytomonas  2  is  a  large  genus  of  plant  pathogens,  causing  many  impor¬ 
tant  diseases,  including  blights  of  bean,  walnut,  and  cotton. 

Acetobacteriaceae. — Straight  rods  often  in  chains,  flagella  polar  or 
wanting.  Strongly  aerobic  and  capable  of  oxidizing  alcohol  to  acetic 
acid. 

The  family  contains  but  a  single  genus,  Acetobacter ,  with  15  species. 
Their  importance  lies  in  their  utilization  for  the  production  of  vinegar 
and  commercial  acetic  acid. 

Azotobacteriaceae. — Pleomorphic  with  motile  or  non-motile  forms 
and  large  cocci.  Strongly  aerobic,  oxidizing  carbohydrates  for  energy, 

1  In  most  systems  of  bacterial  classification,  including  the  first  four 
editions  of  Bergey’s  Manual,  the  spiral  forms  of  the  Eubacteriales  are  placed 
in  a  separate  family — Spirillaceae.  Some  will  question  the  wisdom  of  plac¬ 
ing  them  in  the  family  Pseudomonadaceae. 

2  Some  137  species  of  plant  pathogens  compose  the  genus  Phytomonas  as 
it  now  stands.  In  previous  editions  of  Bergey’s  Manual  this  genus,  along 
with  a  smaller  genus,  Erwinia,  constituted  the  tribe  Erwinieae,  although  the 
two  showed  no  very  close  genetic  relationship.  In  the  third  edition  41  species 
are  considered  as  forming  a  closely  related  group,  Phytomonas  proper, 
74  others  would  be  classed  with  Pseudomonas  but  for  their  pathogenicity 
to  plants,  and  22  others  form  a  group  in  most  respects  similar  to  the 
Rhizobacteriaceae.  A  division  of  the  genus  Phytomonas  into  two  or  three 
genera  may  be  found  desirable. 


THE  ORDER  EUBACTERIALES 


47 


and  fixing  atmospheric  nitrogen  when  growing  in  media  or  soils  deficient 
in  nitrogen  compounds. 

There  is  but  one  genus,  Azotobacter ,  with  two  species.  They  are 


Fig.  35.  Vibrio  comma.  From  Muir’s  Bacteriological  Atlas  by  Van  Rooyen. 

Pub.  by  E.  &  S.  Livingstone,  Edinburgh. 


widely  distributed  in  the  soil,  where  they  carry  on  non-symbiotic  nitrogen 
fixation.  These  species,  with  those  of  Rhizobium ,  are  the  chief  agencies 
in  the  recovery  of  nitrogen 
from  the  atmosphere. 

Micrococcaceae. — A  mod¬ 
erate  sized  family  of  coccus 
forms  dividing  in  two  or 
three  planes  and  forming 
sheets,  tetrads,  packets,  or  ir-  Fig.  36.  Acetobacter,  showing  pleomorphism. 

regular  masses.  Nearly  all 

are  Gram-positive  and  non-motile.  Many  species  are  pigmented, 
usually  yellow  or  orange.  A  few  are  red.  There  are  4  genera. 
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The  largest,  Micrococcus ,  has  46  species,  generally  forming  sheets  or 
single  cells.  They  are  saprophytes  or  facultative  parasites.  Staphylococ¬ 
cus  has  9  species,  mostly  parasitic.  Usually  Gram-positive  and  forming 
irregular  masses  due  to  the  successive  planes  of  division  being  oblique  to 
each  other  and  perhaps  to  some  reorientation  after  division.  Most 


Fig.  37.  Azotobacter,  showing  pleomorphism.  Redrawn  from  various  sources. 

species  ferment  carbohydrates  with  acid  production.  Several  species 
cause  boils,  abscesses,  infection  of  wounds,  etc.  Sarcina  contains  14 
species  of  saprophytes  and  facultative  parasites.  They  are  mostly  Gram¬ 
positive  and  pigmented,  orange  or  yellow.  By  division  in  three  planes 
they  form  definite  packets.  A  few  species  are  motile.  Common  in  air, 

water,  soil,  and  milk. 

©  Neisseriaceae. — Gram-negative  cocci 

forming  diads,  tetrads,  sheets,  or  masses. 
They  grow  best  at  370  C.,  but  most  of 
them  require  special  media  preferably  con¬ 
taining  blood,  serum,  or  ascitic  fluid. 

Fig.  38.  Staphylococcus  There  are  but  2  genera  and  15 
aureus.  species. 

Neisseria  is  a  genus  of  1 1  species  that 
are  nearly  strict  parasites,  growing  best  on  blood  media  and  some  of 
them  poorly  even  on  such  media.  By  division  in  two  planes  they 
form  pairs,  tetrads,  or  small  irregular  masses.  This  genus  is  of  great 
importance,  for  one  species,  N.  gonorrhoeae,  causes  a  serious,  widespread, 
venereal  disease,  and  another,  N.  intracellularis,  causes  one  of  the  com¬ 
monest  forms  of  meningitis. 
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Parvobacteriaceae. — Gram-negative  rods,  mostly  parasitic,  grow¬ 
ing  poorly  on  artificial  media  except  those  that  contain  body  fluids.  Do 
not  ferment  carbohydrates. 

A  small  family  of  6  genera  and  27  species,  but  very  important  in 
medical  bacteriology.  In  the  genus  Pasteurella ,  P.  avicida  causes  fowl 
cholera,  P.  suiseptica  causes  swine  plague,  P.  pestis  causes  bubonic  plague 


QoACk 


Fig.  39.  Pasteurella  pestis ,  showing  bipolar  staining  of  cells.  From  Muir’s 
Bacteriological  Atlas  by  Van  Rooyen.  Pub.  by  E.  &  S.  Livingstone,  Edinburgh. 


of  man  and  rodents,  and  P.  tularensis  causes  tularemia  in  man  and 
animals.  Malleomyces  mallei  causes  glanders  in  horses  and  other  animals, 
including  man.  Brucella  melitensis ,  Br.  abortus and  Br.  suis  cause 
malta  fever  and  undulant  fever  in  man  and  brucellosis  in  domestic 
animals.  Hemophilus  pertussis  is  the  probable  cause  of  whooping  cough. 
Noguchia  granulosis  is  the  probable  cause  of  trachoma  in  man. 
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Lactobacteriaceae. — This  family  includes  two  tribes — Streptococ- 

ceae,  composed  of  spheres  or  short 
rods  in  chains,  and  Lactobacilleae, 
composed  of  longer  rods.  Mostly 
non-motile.  Gram-positive.  Fer¬ 
ment  carbohydrates  with  the  forma¬ 
tion  of  lactic  acid  and  other  products. 

This  is  a  medium  sized  family  of 
5  genera  and  57  species.  It  contains 
some  very  important  species,  both 
saprophytic  and  pathogenic.  Streptococcus  lactic  and  the  different 


Fig  40.  Streptococcus  pyogenes. 


Fig.  41.  Shigella  dysenteriae.  From  Muir’s  Bacteriological  Atlas  by  Van  Rooyen. 

Pub.  by  E.  &  S.  Livingstone,  Edinburgh. 

species  of  Lactobacillus  are  responsible  for  the  souring  of  milk.  Several 
species  of  Streptococcus  are  pathogenic,  causing  wound  infections,  septi- 
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caemia,  puerperal  fever,  erysipelas,  scarlet  fever,  etc.  Diplococcus 
pneumoniae  is  responsible  for  the  commonest  types  of  pneumonia  in  man 
and  animals. 

Enterobacteriaceae. — Non-spore-forming  rods.  Gram-negative. 
Mostly  with  peritrichic  flagella.  Carbohydrates  are  fermented,  and 
nitrates  are  reduced  to  nitrites. 

This  is  a  large  family  of  9  genera  and  103  species.  While  many 
species  are  harmless  saprophytes,  widely  distributed  in  nature,  others 
inhabit  the  alimentary  tract  of  man  and  other  mammals,  either  as  part 
of  the  normal  flora  or  as  causative  organisms  of  specific  diseases.  Thus 
Eberthella  typhosa  causes  typhoid  fever,  Shigella  dysenteriae  causes  bacil¬ 
lary  dysentery,  several  species  of  Salmonella  cause  paratyphoid  fevers. 
S.  pullora  causes  white  diarrhoea  of  chicks,  and  a  considerable  number 


Fig.  42.  Cellulomonas  bibula.  Reproduced  from  U.  S.  Department  of  Agriculture, 

B.  P.  I.  Bull.  No.  266. 

of  species  in  these  three  genera  cause  other  intestinal  disturbances  of  man 
and  animals. 

One  genus,  Erwinia,  contains  13  species  of  plant  pathogens,  including 
Er.  amylovora ,  the  cause  of  the  destructive  fire  blight  of  apples  and 
pears. 

Bacteriaceae. — Non-spore-forming  rods  forming  a  heterogeneous 
collection  of  genera  whose  relationships  to  one  another  and  to  other 
groups  of  bacteria  are  not  determined.  This  is  a  large  collection  of 
bacteria  that  require  further  study.  There  are  10  genera  and  178  species. 
Most  of  them  are  harmless  saprophytes  but  a  few  cause  diseases  of  minor 
importance.  One  genus,  Cellulomonas,  of  26  species,  is  important  in 
the  soil,  where  it  digests  the  cellulose  of  plant  refuse. 
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Bacillaceae. — This  family  is  distinguished  from  all  others  by  the 
production  of  endospores,  more  resistant  than  vegetative  cells  to  un¬ 
favorable  environmental  conditions.  All  members  are  rod-shaped,  and 

most  are  Gram-positive.  There 
are  but  two  genera:  Bacillus ,  con¬ 
taining  146  species  of  aerobes,  and 
Clostridium ,  consisting  of  51  spe¬ 
cies  that  are  anaerobes  or  micro- 
aerophiles. 

The  family  is  an  important 
one.  Their  ability  to  decompose 
proteins  makes  them  valuable  scav¬ 
engers.  Most  species  of  Bacillus 
are  saprophytic,  but  the  dread  dis¬ 
ease,  anthrax,  is  caused  by  B.  anthracis.  Although  the  majority  of  spe¬ 
cies  of  Clostridium  are  non-pathogenic,  some  are  pathogenic.  Clos. 
perfringens  and  related  species  cause  the  fatal  gas  gangrene  of  wounds, 
and  Clos.  botulinum ,  growing  saprophytically  in  the  absence  of  air, 
produces  the  deadly  toxin  of  botulinus  poisoning. 


Fig.  43.  Bacillus  anthracis. 


Fig.  44.  True  branching  (1  to  5),  and  false  branching  (6).  1,  mycelium  of 

fungus;  2,  Actinomyces ;  3,  A  zotobacter  ;  4,  Rhizohium;  5,  Mycobacterium ;  6, 
Sphaerotiles.  In  true  branching  the  cell  branches.  In  false  branching  the  filament 
branches,  but  its  cells  do  not. 
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The  Order  Actinomycetales  (Fungus-like  Bacteria) 

Compared  with  the  great  order  Eubacteriales  the  order  Actinomy¬ 
cetales  is  very  small.  It  has  only  2  families,  6  genera,  and  about  no 
species. 

The  cells  are  cylindrical,  and  in  certain  genera,  notably  Actinomyces , 
they  are  firmly  united  to  form  filaments  resembling  the  mycelium  of  a 
true  fungus  but  much  more  slender.  True  branching1  is  fairly  common 


Fig  45.  Actinomyces  scabies,  colony  on  agar  plate. 


in  this  order.  True  endospores  are  not  produced.  The  members  of 
this  order  are,  in  general,  less  aquatic  than  those  of  the  Eubacteriales, 
as  shown  by  their  lack  of  motility  and  their  usual  absence  from  natural 
waters.  Most  of  them  are  aerobic  and  Gram-positive. 

The  two  families  which  make  up  this  order  differ  much  from  each 
other,  and  it  is  doubtful  whether  their  genetic  relationship  is  very  close. 

1  In  true  branching  the  cells  branch,  as  in  the  mycelium  of  fungi.  In 
false  branching  the  branches  are  held  to  the  main  filament  by  an  outer  sheath. 
In  some  cases  the  filament  consists  of  a  bundle  of  strands,  one  or  more  of 
which  extend  outward  through  the  sheath  to  form  a  branch.  In  other  cases 
the  strands  become  broken  up  and  fragments  adhere  to  the  sheath,  giving 
the  appearance  of  branching. 
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Mycobacteriaceae. — This  family  has  much  in  common  with  the 
Eubacteriales  in  that  the  cells  occur  singly  or  in  short  chains,  and  there 
is  no  differentiation  into  vegetative  and  reproductive  parts.  Branching 
is  rare. 

There  are  but  two  genera,  both  of  which  are  highly  significant  in 
medical  bacteriology.  Corynebacterium  has  21  species,  best  known  and 
most  important  of  which  is  Cor.  diphtheriae,  the  cause  of  diphtheria  in 

man.  All  the  species  are  Gram-posi¬ 
tive,  not  acid-fast,  aerobic,  and  non- 
motile. 

Mycobacterium  includes  13  spe¬ 
cies,  about  half  of  which  are  patho¬ 
genic,  causing  different  forms  of 
tuberculosis  in  man  and  other  verte¬ 
brates,  and  leprosy  in  man.  The 
rods  are  slender,  non-motile,  and 
acid-fast.  Most  species  grow  poorly 
or  not  at  all  on  the  commoner  lab¬ 
oratory  culture  media. 

Actinomycetaceae.  —  In  this 
family  the  tendency  to  form  fila¬ 
ments  is  very  pronounced.  In  three 
genera  there  is  no  differentiation 
into  vegetative  and  reproductive 
portions.  These  are  Leptotrichia , 
Erysipelothrix ,  and  Proactinomyces. 
The  last  named  is  quite  remarkable 
in  that  some,  at  least,  of  its  9  spe¬ 
cies  can  utilize  paraffin,  phenol,  and 
m-cresol  for  energy. 

The  morphology  of  A ctinomyces 
is  so  radically  different  from  that  of  other  bacteria  that  some  regard 
it  as  a  true  fungus  of  the  Fungi  Imperfecti.  It  is  very  definitely  fila¬ 
mentous  and  has  been  called  the  “ray  fungus.”  The  filaments  are  very 
slender,  only  about  a  micron  in  diameter,  and  without  cross-walls.  This 
much  branched,  mycelium-like  structure  forms  a  definite  vegetative  body 
which,  by  a  process  of  constriction,  produces  conidia  in  chains. 

Eight  species  are  pathogenic  to  animals,  Act.  bovis  causing  actinomy¬ 
cosis  or  “lumpy  jaw”  in  cattle,  Act.  hominis  causing  actinomycosis  in 


Fig.  46.  A  ctinomyces.  Branch  show¬ 
ing  reproduction.  After  Drechster. 
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man,  and  Act.  madurae  causing  madura  foot  in  man.1  Nine  species  are 
pathogenic  to  plants,  the  most  important  being  Act .  scabies ,  the  cause  of 


Fig.  47.  Head  of  steer  showing  actinomycosis  (“Lumpy  jaw”) .  From  Moore’s 
Pathology  and  Differential  Diagnosis  of  Infectious  Diseases  of  Animals.  The 
Macmillan  Co. 

common  scab  of  potatoes.  Forty-five  other  species  are  saprophytic  in 
the  soil. 

The  Order  Chlamydobacteriales  (Sheathed  Bacteria) 

This  is  a  small  order,  having  only  1  family,  4  genera,  and  13  species. 
Their  normal  habitat  is  water,  and  partly  for  this  reason  and  partly 
because  of  their  structure,  they  are  spoken  of  as  alga-like  bacteria.  They 
form  long  slender  filaments,  mostly  1  to  2  microns  in  diameter.  In 

is  is  the  long  accepted  interpretation  of  the  pathogenicity  of  these 
species.  Henrici,  however,  in  his  Biology  of  Bacteria  (second  ed.,  p.  413), 
maintains  that  “It  is  doubtful  that  any  members  of  this  genus  are  pathogenic. 
They  are  such  common  contaminants  that  they  occur  frequently  in  cultures 
of  pus  or  sputum,  and  have  been  repeatedly  described  as  causes  of  diseases 
without  sufficient  evidence.’’  He  would  place  the  species  causing  actinomy¬ 
cosis  and  madura  foot  in  the  genus  Proactinomyces. 
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some  genera  these  are  attached  at  the  base  to  some  object,  while  in  others 
they  are  free  floating. 

A  d  istinctive  character  of  the  Chlamydobacteriales  is  the  presence  of 
an  outer  sheath  surrounding  the  filaments.  In  most  species  this  sheath, 
with  age,  becomes  impregnated  with  ferric  hydroxide.  In  others  it  ap¬ 
pears  to  be  composed  ex¬ 
clusively  of  this  chemical. 
Hence  the  name  “iron  bac¬ 
teria.” 

False  branching  has  been 
seen  in  some  species.  The 
cells  do  not  actually  branch, 
but  a  cell  detached  from  the 
others  may  grow  into  a  fila¬ 
ment  which  pushes  out  lat¬ 
erally  through  the  sheath. 
Many  such  false  branches 
may  grow  out,  thus  forming 
a  bushlike  colony.  When 
the  sheaths  become  very 
thick  the  filaments  may  slip 
out  through  an  opening  in 
the  end,  leaving  the  empty 
sheaths  behind. 

Two  examples  will  serve 
to  illustrate  the  order. 

Leptothrix  ochracea. — 
In  this  species,  a  typical  ex¬ 
ample  of  the  “iron  bacteria,” 
the  filaments  are  unbranched 
and  unattached  to  solid  ob¬ 
jects.  The  sheath  appears 
to  be  a  colloidal  layer  of 
ferric  hydroxide  with  little 
or  no  organic  groundwork. 
As  the  sheath  develops,  the  filament  inside  dies  unless  it  is  able  to 
escape  from  an  opening  in  the  end.  No  special  method  of  reproduction 
has  been  observed,  but  the  cells  of  the  filament  may  separate  after  it 
escapes  from  the  sheath  and  each  start  a  new  filament  which  then 
develops  a  new  sheath. 


Fig.  48.  Crenothrix  polyspora.  (After  Zopf.) 
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Innumerable  empty  sheaths  often  form  a  reddish  flocculent  mass  in 
iron-bearing  waters.  Although  an  oxidation  of  ferrous  carbonate  to 
ferric  hydroxide  may  take  place  without  the  aid  of  bacteria, 

4FeC03  +  02  +  6H20  ->  4Fe(OH3)  +  4C02 

it  is  believed  that  in  this  case  and  some  others  the  organisms  are  auto¬ 
trophic,  and  obtain  energy  from  this  process  of  oxidation. 

Crenothrix  polyspora. — The  filaments  of  this  species  are  not 
branched  but  are  attached  at  the  base  to  a  rock  or  other  submerged 
object.  The  sheath  of  young  filaments  is  composed  of  organic  material 
which,  with  age,  becomes  incrusted  with  ferric  hydroxide,  especially  the 
basal  portion.  As  the  filament  matures,  its  terminal  portion  expands  and 
opens,  giving  it  a  trumpet  shape. 

Reproduction  takes  place  by  the  formation  of  non-motile  conidia. 
These  are  ovoid  in  shape  and  formed  by  three-plane  division  of  the  cells 
at  the  tip  of  the  filament.  Escaping  through  the  open  end  of  the  sheath, 
they  become  attached  and  form  new  filaments  by  growth  and  transverse 
division. 

Crenothrix  polyspora  often  develops  luxuriantly  in  water  supplies 
where  it  would  do  no  harm  but  for  the  fact  that  masses  of  it  die  and 
decay,  thus  giving  a  disagreeable  odor  and  flavor  to  the  water. 

Deposits  of  Ferric  Hydroxide. — It  is  known  that  deposits  of  iron 
compounds  equivalent  to  iron  ores  are  left  in  the  bottoms  of  pools  and 
in  wet  soils  by  the  development  and  death  of  “iron  bacteria.”  The  ex¬ 
tent  to  which  this  has  taken  place  in  past  ages'  and  the  contribution 
which  such  bacteria  have  made  to  the  accumulation  of  iron  ores  is  a 
matter  of  controversy.  It  is  probable  that  they  have  made  material 
contribution  to  the  relatively  recent  “bog  iron”  ores,  but  it  is  doubtful 
whether  they  had  a  prominent  part  in  forming  the  older,  extensive 
deposits  of  iron. 

The  Order  Caulobacteriales  (Stalked  Bacteria) 

This  small  order  of  bacteria  has  only  recently  been  set  up  with 
4  families,  5  genera,  and  8  species.  Physiologically  it  has  much  in  com¬ 
mon  with  the  Chlamydobacteriales  and  includes  some  species  formerly 
classified  in  that  order. 

The  Caulobacteriales  constitute  another  order  of  “iron  bacteria”  in 
that  they  store  ferric  hydroxide,  but  in  their  case  it  is  not  in  a  sheath 
(which  is  absent)  but  in  a  stalk  by  which  the  cells  are  attached  to  a 
solid  support. 
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The  cells  are  single  and  kidney-shaped  or  spherical.  The  stalk  is 
secreted  from  the  concave  surface  of  the  cell.  Cell  division  is  transverse 
in  most  genera  but  longitudinal  in  the  family  Pasteuriaceae.  As  the  cell 

divides,  the  tip  of  the  stalk  at  the  point  of  attach¬ 
ment  divides  also,  resulting  in  branched  colonies. 

In  most  genera  reproduction  is  by  fission  only, 
but  in  the  Pasteuriaceae  budding  also  takes  place. 

The  characteristic  of  the  order  is  the  stalked  con¬ 
dition.  The  stalks  vary  from  quite  slender,  thread¬ 
like  structures  many  times  the  length  of  the  cell  at 
its  tip  to  short,  broad,  disklike  holdfasts. 

Most  species  of  the  Caulobacteriales  are  harmless 
saprophytes  or  autophytes  of  minor  economic  impor¬ 
tance.  One  species,  Pasteuria  ramosa,  is  parasitic  in 
the  body  cavities  of  the  crustaceans,  Daphnia  pulex 
and  D.  magna. 

The  Order  Thiobacteriales  (Sulfur 

Bacteria) 


stalked  cells.  From 
Henrici’s  Biology  of 
Bacteria.  D.  C. 
Heath  and  Co. 


Th  is  order  is  characterized  by  the  presence  within 
the  cells  of  grains  of  amorphous  sulfur,  granules  of 
bacteriopurpurin,  or  both.  Some  species  have  iso¬ 
lated  cells  and  some  produce  unbranched  filaments, 
but  the  latter  as  a  rule  have  no  basal  attachment. 
There  are  no  sheaths  about  the  filaments  in  most  species,  but  in  some 
cases  the  cells  or  filaments  are  embedded  in  a  jellylike  matrix  sugges¬ 
tive  of  Nostoc  and  other  blue-green  algae.  No  resistant  endospores 
are  produced,  but  some  species  reproduce  by  conidia. 

This  is  the  third  largest  order  of  bacteria  in  number  of  species. 
There  are  3  families,  32  genera,  and  63  species,  mostly  inhabitants  of 
water  and  soil. 

Many  species  oxidize  hydrogen  sulfide  as  a  source  of  energy  and  are 
called  “sulfur  bacteria.”  The  hydrogen  sulfide  may  be  oxidized  to 
sulfuric  acid,  which  is  then  changed  to  sulfates  by  reaction  with  car¬ 
bonates  in  the  soil, 

H2S  +  2O0  =  h2so4 


or  it  may  be  oxidized  to  water  and  sulfur  granules  which  are  deposited 
in  the  protoplasm  of  the  cells : 

2H2S  +  02  =  2H20  +  2S 
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This  sulfur  may  later  be  oxidized  to  sulfuric  acid: 

2S  +  3O2  +  2H20  =  2H2SO4 

It  will  be  remembered  that  some  members  of  the  family  Nitrobac- 
teriaceae  of  the  Eubacteriales  are  also  called  “sulfur  bacteria”  because 
they  utilize  hydrogen  sulfide,  but  they  do  not  store  sulfur  granules  in 
their  bodies. 

Some,  perhaps  all, 
members  of  the  Thiobac- 
teriales  that  contain  bac- 
teriopurpurin  are  capable 
of  carrying  on  photosyn¬ 
thesis.  This  phenomenon 
will  be  discussed  further 
under  the  family  Rhodo- 
bacteriaceae. 

The  Thiobacteriales 
are,  on  the  whole,  bene-  Fig.  50.  Sulfur  spirilla.  Redrawn  from  Molish. 
ficial  to  man. 

Rhodobacteriaceae. — The  members  of  this  family  contain  bac- 
teriopurpurin  which  gives  them  a  red,  purple,  or  violet  color  when  seen 
in  masses,  sometimes  striking  and  beautiful  in  appearance.  In  some 
genera  the  cells  are  spherical  or  ellipsoidal  and  divide  in  two  or  three 
planes  within  a  gelatinous  matrix  which  holds  them  together  for  a  time 
in  groups  or  masses.  Later  they  escape  and  in  some  species  develop 
motility.  In  other  genera  they  are  rod-shaped  or  spiral  and  generally 
motile  with  polar  flagella. 

This  family  is  especially  interesting  because  of  the  ability  of  its 
members  to  carry  on  photosynthesis.  The  bacteriopurpurin,  which  gives 
the  organisms  their  red  or  purple  color,  has  been  shown  to  be  a  complex 
of  two  or  more  pigments.  One  of  these,  the  bacteriochlorophyll,  is 
green  in  color  and  appears  to  play  an  active  part  in  utilizing  the  energy 
of  light  for  photosynthesis.  The  function  of  the  red  pigment  is,  as  yet, 
uncertain.  In  this  process  carbon  from  carbon  dioxide  is  used  in  the 
formation  of  organic  compounds,  perhaps  carbohydrates,  which  are  at 
once  utilized  in  the  growth  of  the  bacteria.  Red  and  infra-red  light 
rays  are  more  effective  in  supplying  energy  for  this  process  than  are 
those  with  shorter  wave  length. 

It  is  believed  that  two  types  of  chemical  reaction  are  carried  on  in 
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the  photosynthetic  processes  of  different  members  of  the  Rhodobac- 
teriaceae. 


( i )  C02  +  2H2S  ->  HCOH  +  H20  +  2S 


(2)  2C02  +  2S  +  8H20  ->  3HCOH  +  3H20  +  2H2S04 


It  will  be  noted  that  in  the  first  reaction  hydrogen  sulfide  replaces 
the  water  used  in  photosynthesis  by  the  typical  green  plant,  and  that 
in  the  second  both  water  and  sulfur  are  used.  Both  reactions  are 
carried  out  anaerobically,  and  oxygen  is  not  an  end-product. 


Fig.  51.  Beggiatoa  alba.  Filaments  containing  sulfur  grains.  Redrawn  from 

various  sources. 


Unlike  most  bacteria  the  Rhodobacteriaceae  thrive  better  in  light 
thaji  in  darkness.  They  lose  their  red  color  in  the  absence  of  light 
and  regain  it  when  light  is  supplied.  In  an  unevenly  lighted  field  or 
one  in  which  the  rays  of  light  have  been  separated  by  passage  through 
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a  prism,  motile  forms  will  swim  about  until  a  region  of  the  right 
intensity  or  color  of  light  is  found,  when  they  come  to  rest. 

Beggiatoaceae. — The  members  of  this  family  form  filaments,  the 
tips  of  which  usually  have  an  oscillating  motion  similar  to  that  of  the 
blue-green  alga  Oscillatoria.  Some  move  by  a  gliding  motion  also.  No 
conidia  are  formed.  The  cells  reproduce  by  constriction  and  the  filaments 
by  fragmentation.  Sulfur  granules  are  formed  but  no  bacteriopurpurin. 
There  are  3  genera  and  12  species. 

The  best-known  representative  of  the  family  is  Beggiatoa  alba ,  which 
forms  gray,  slimy  masses  on  the  vegetation  of  swamps,  sulfur  springs, 
and  sewage-polluted  streams.  This  species  is  reported  to  be  highly 
pleomorphic,  the  cells  of  the  thick  filaments  within  a  delicate  sheath 
breaking  up  into  motile  rods,  cocci,  and  spiral  forms.  After  escape 
from  the  sheath  these  free-swimming  cells  are  supposed  to  grow  into 
new  filaments.  In  the  presence  of  hydrogen  sulfide  the  cells  become 
filled  with  numerous  sulfur  grains. 

Achromatiaceae. — In  this  family  the  cells  are  single,  in  which 
respect  it  differs  from  the  filamentous  Beggiatoaceae.  There  are  4 
genera  but  only  6  species.  In  this  small  family  large  cocci,  rods,  and 
spirals  may  be  found.  As  a  rule  the  cells  are  motile. 

The  usual  habitat  is  water — sea  water  for  some  species. 

Economic  Significance  of  the  Thiobacteriales. — The  greatest  im¬ 
portance  of  the  Thiobacteriales  is  in  soil  bacteriology,  because  of  the 
changes  they  make  in  sulfur  compounds. 

From  a  purely  scientific  standpoint  they  are  highly  interesting:  (1) 
because  of  their  evident  relationships  with  the  blue-green  algae;  (2) 
because  of  their  methods  of  obtaining  energy  by  oxidation  of  inorganic 
matter;  and  (3)  because  of  their  special  form  of  photosynthesis. 

The  Order  Myxobacteriales  (Slime  Bacteria) 

This  order  of  bacteria  is  characterized  by  the  production  of  a  mass 
of  slime  which  enables  them  to  carry  on  a  communal  life  that  is  quite 
remarkable  and  not  found  elsewhere  in  the  bacterial  world. 

Vegetative  or  Swarm  Stage. — The  bacterial  cells  live  and  multiply 
within  a  slimy  matrix  that  forms  a  flat,  irregularly  shaped  pseudo- 
plasmodium.  This  is  called  the  “swarm  stage.”  The  cells  are  at  this 
time  slender  flexible  rods.  They  have  no  flagella  but  show  slow 
motility  both  individually  and  in  mass.  As  the  cells  grow  and  multiply 
they  secrete  more  slime,  with  two  results.  The  pseudoplasmodium 
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enlarges  and  moves  slowly  along,  carrying  the  bacteria  in  its  terminal 
portion.  I  he  movement  is  supposed  to  be  due  to  asymmetrical  slime 
production  which,  increasing  in  the  back  portion  of  the  mass,  crowds 
the  colony  along.  Probably  the  individual  movement  of  the  cells  aids 
in  the  process.  The  entire  mechanics  of  the  process  is  perplexing  and 
not  well  understood.  The  gliding  motion  of  the  individual  cells  is 
suggestive  of  that  of  Oscillatoria  and  certain  diatoms. 


Fig.  52.  Cliondromyces  aurantiacus  (Myxobacteriales) .  Cells  in  swarm  stages. 

After  Thaxter. 


Encystment  or  Fruiting  Stage. — When  the  pseudoplasmodium  has 
reached  a  certain  degree  of  maturity  a  striking  change  takes  place. 
The  cells  collect  in  a  compact  mass  or  several  masses  which  become 
elevated  above  the  substratum  on  a  gelatinous  base.  Thus  a  “fruiting 
body”  or  cyst  is  formed  which  may  be  simple  and  round  or  variously 
lobed.  The  size,  shape,  and  color  are  characteristic  of  the  species. 
In  most  species  the  cysts  have  stalks  composed  of  slime  devoid  of  bac¬ 
teria,  these  having  collected  in  the  swellings  at  the  top.  The  fruiting 
bodies  are  rarely  more  than  one  millimeter  high,  generally  yellow, 
orange,  or  red  in  color.  In  some  species — e.g.,  Chondromyces  croccitus — 
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they  are  exquisite  in  appearance,  though  so  tiny  as  to  require  a  hand 
lens  for  detailed  observation. 

As  the  cysts  mature,  the  cells  become  shorter  and  thicker,  in  some 
species  nearly  spherical,  and  their  activity  ceases  for  a  time,  the  slime 
drying  below  and  about  the  cells. 

After  a  short  resting  period  the  cells,  singly  or  in  tiny  masses  bound 
together  by  the  dried  slime,  escape  from  the  cysts,  largely  through  the 


Fig.  53.  CJiondromyces  aurantiacus.  Fruiting  bodies.  In  19  the  cells  are 

escaping  from  a  cyst.  After  Thaxter. 

action  of  wind  and  rain.  Under  favorable  conditions  they  then  start 
new  swarms  and  excrete  slime  as  before. 

In  this  order  there  are  4  families,  1 1  genera,  and  45  species.  For 
the  most  part  they  are  saprophytes,  absorbing  food  from  their  substratum, 
which  at  best  is  decaying  wood,  fleshy  fungi,  or  the  dung  of  animals. 
One  species,  Polyangium  parasiticum ,  is  parasitic  on  the  green  alga 
Cladophora.  Another,  Podangium  lichenicolum,  is  parasitic  on  lichens. 
These  bacteria  are  interesting  because  of  the  communal  life  of  their 
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cells  by  which,  through  mutual  and  coordinated  production  of  slime, 
they  have  evolved  a  method  of  locomotion  and  dissemination. 

The  Order  Spirochaetales  (Protozoan-like  Bacteria) 

The  organisms  in  this  small  order  are  flexible  spiral  rods.  The 
pointed  ends  of  some  species  taper  into  a  slender  thread  that  is  probably 
not  a  true  flagellum.  In  some  species  an  axial  filament  has  been 
observed.  This  consists  of  a  relatively  straight,  cylindrical,  protoplasmic 
core  about  which  the  spiral  ridges  of  the  cell  are  wound.  Movement 

in  the  Spirochaetales  is  brought 
about  by  the  contraction  of  the 
protoplasm,  which  gives  the  flex¬ 
ible  cell  an  undulating  movement, 
propelling  it  through  the  water. 
In  some  cases  this  is  a  wriggling 
motion ;  in  others  the  cell  is  made 
to  revolve  screwlike  on  its  major 
axis. 

Most  members  of  the  order  are 
not  readily  stained  by  methods 
generally  successful  with  other 
kinds  of  bacteria.  Special  stains 
have  been  devised  for  some,  and 
darkfield  illumination  has  been 
extensively  used  to  supplement 
stained  preparations. 

The  flexible  body,  the  char¬ 
acter  of  movement,  and  the  axial 
filament  are  strongly  suggestive  of 
certain  kinds  of  protozoa,  and  it 
is  possible  that,  as  a  result  of  fur¬ 
ther  study,  some  members  of  the  Spirochaetales  will  be  transferred  to 
that  group.  However,  their  apparent  lack  of  nuclei,  lack  of  sexuality, 
and  transverse  1  division  justify  placing  them  with  the  bacteria,  for  the 
present  at  least. 

The  order  has  but  one  family,  Spirochaetaceae,  with  6  genera  and  43 
species.  Some  are  harmless  saprophytes  in  waters,  especially  those  pol¬ 
luted  with  sewage.  Others  are  parasitic  in  mollusks  and  other  animals, 

1  Some  of  the  Spirochaetales  have  been  reported  to  divide  longitudinally, 
but  more  careful  studies  indicate  that  these  observations  were  incorrect. 


Fig.  54.  Examples  of  Spirochaetales. 
a,  Spirochaeia;  b,  Christispira;  c, 
Treponema.  Diagrammatic.  From  Hen- 
rici’s  Biology  of  Bacteria.  D.  C.  Heath 
and  Co. 
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including  man.  Species  of  Borrelia  cause  different  forms  of  relapsing 
fever,  often  transmitted  by  insects,  and  Treponema  pallidum  is  the  cause 
of  syphilis,  one  of  the  worst  scourges  of  the  human  race. 

The  following  condensed  outline  of  bacterial  classification  as  found  in 
the  fifth  edition  of  Bergey’s  Manual  is  offered  for  convenient  reference: 

Class  Schizomycetes  (Bacteria) 

I  Order  Eubacteriales  (True  bacteria) 

Family  I  Nitrobacteriaceae 

3  tribes;  7  genera;  24  species 
Example:  Nitrobacter  winogradskyi 

Family  II  Rhizobiaceae 

4  genera;  41  species 

Example:  Rhizobium  leguminosarum 
Family  III  Pseudomonadaceae 
2  tribes;  8  genera;  185  species 
Example:  Pseudomonas  aeruginosa 
Family  IV  Acetobacteriaceae 
1  genus;  15  species 
Example:  Acetobacter  aceti 
Family  V  Azotobacteriaceae 

1  genus;  2  species 

Example:  Azotobacter  chroococcum 
Family  VI  Micrococcaceae 

4  genera;  73  species 
Example:  Staphylococcus  aureus 

Family  Vll  Neisseriaceae 

2  genera;  13  species 
Example:  Neisseria  gonorrhoeae 

Family  VIII  Parvobacteriaceae 

3  tribes;  6  genera;  27  species 
Example :  Pasteurella  pestis 

Family  IX  Lactobacteriaceae 
2  tribes;  5  genera;  57  species 
Example:  Lactobacillus  acidophilus 
Family  X  Enterobacteriaceae 

5  tribes;  9  genera;  103  species 
Example:  Eberthella  typhosa 

Family  XI  Bacteriaceae 
10  genera;  178  species 
Example:  Cellulomonas  biazotea 
Family  XII  Bacillaceae 
2  genera;  197  species 
Example :  Bacillus  subtilis 

II  Order  Actinomycetales  (Fungus-like  bacteria) 

Family  I  Mycobacteriaceae 
2  genera;  34  species 
Example:  Mycobacterium  tuberculosis 
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Family  II  Actinomycetaceae 
4  genera;  76  species 
Example:  Actinomyces  bovis 

III  Order  Chlamydobacteriales  (Sheathed  bacteria) 

Family  I  Chlamydobacteriaceae 

4  genera;  13  species 
Example :  Leptothrix  ochracea 

IV  Order  Caulobacteriales  (Stalked  bacteria) 

Family  I  Nevskiaceae 
1  genus ;  1  species 
Example:  Nevskia  ramosa 
Family  II  Gallionellaceae 
1  genus;  4  species 
Example:  Gallionella  ferruginea 
Family  III  Caulobacteriaceae 

1  genus;  1  species 

Example:  Caulobactcr  vibrioides 
Family  IV  Pasteuriaceae 

2  genera;  2  species 
Example:  Pasteuria  ramosa 

V  Order  Thiobacteriales  (Sulfur  bacteria) 

Family  I  Rhodobacteriaceae 

5  tribes;  25  genera;  45  species 
Example:  T hiocystis  violaceae 

Family  II  Beggiatoaceae 

3  genera;  12  species 
Example:  Beggiatoa  alba 

Family  III  Achromatiaceae 

4  genera;  6  species 

Example:  Achromatium  oxaliferum 

VI  Order  Myxobacteriales  (Slime  bacteria) 

Family  I  Archangiaceae 

2  genera ;  6  species 

Example:  Archangium  primigenium 
Family  II  Sorangiaceae 
1  genus ;  5  species 
Example :  Sorangiiun  schroeteri 
Family  III  Polyangiaceae 

5  genera;  23  species 

Example:  Chondromyces  aurantiacus 
Family  IV  Myxococcaceae 

3  genera ;  1 1  species 
Example :  Myxococcus  fulvus 

VII  Order  Spirochaetales  (Protozoan-like  bacteria) 
Family  I  Spirochaetaceae 

6  genera ;  43  species 
Example:  Treponema  pallidum 
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Eubacteriales 

Actinomycetales 

Chlamydobacteriales 

Caulobacteriales 

Thiobacteriales 

Myxobacteriales 

Spirochaetales 

Total 1 


SUMMARY 

59  genera 
6  genera 

4  genera 

5  genera 
32  genera 
1 1  genera 

6  genera 

126  genera 


915  species 
1 10  species 
13  species 
8  species 
63  species 
45  species 
43  species 

1 197  species 


Present  Status  of  the  Work  of  Bacterial  Classification 

For  years  interest  and  achievement  in  the  classification  of  bacteria 
lagged  far  behind  that  of  other  forms  of  life.  Systematic  botanists 
and  zoologists  had  had  their  struggles  and  built  up  fairly  satisfactory 
systems  of  classification  by  the  beginning  of  the  present  century,  at 
which  time  a  few  bacteriologists — e.g.,  Migula — were  struggling  hope¬ 
lessly  with  purely  morphological  systems,  and  most  workers  in  this 
field  were  so  obsessed  with  the  economic  aspects  of  the  subject  that  they 
gave  little  thought  to  a  scientific  classification  of  the  organisms  they 
studied. 

Now  the  situation  is  rapidly  changing.  Both  in  this  country  and 
abroad  the  following  tendencies  are  evident  in  bacteriology:  (1)  to 
follow  definite  rules  of  nomenclature,  (2)  to  reject  non-valid  generic 
names,  (3)  to  hold  more  closely  to  the  binomial  system  of  nomencla¬ 
ture,  (4)  to  make  the  grouping  of  bacteria  more  phylogenetic  and  less 
artificial,  (5)  to  use  physiological  characters  to  supplement  morphological 
characters  in  classification,  and  (6)  to  make  taxonomy  and  nomencla¬ 
ture  a  major  part  of  the  science  of  bacteriology. 

The  classification  of  bacteria  is  following  a  course  similar  to  that 
already  passed  through  in  the  classification  of  other  plants  and  animals. 
Systems  of  classification  were  proposed,  correct  in  some  respects  but 
erroneous  in  others.  These  were  tentatively  accepted,  put  into  use, 
revised  and  improved  until  a  workable  system  was  evolved.  Con¬ 
structive  work  in  bacteriology  will  in  time  achieve  the  same  end. 

We  should  realize  that  systematic  bacteriology  is  now  in  a  transi¬ 
tional  stage.  Probably  some  groups  of  bacteria  are  correctly  classified 
while  other  groupings  will  have  to  be  revised  again  and  again.  So  it 

1  In  addition  to  the  genera  and  species  enumerated  here,  this  (fifth) 
edition  of  Bergey’s  Manual  lists  138  species,  the  systematic  position  of  which 
requires  further  investigation. 
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was  a  century  ago  with  other  plants  and  animals.  If  we  patiently 
support  present  endeavors  We  can  have  the  satisfaction  of  participating 
in  a  great  constructive  piece  of  work* 

Review  Questions 

1.  Why  do  we  Consider  bacteria  as  members  of  the  plant  kingdom  rather 

than  of  the  animal  kingdom? 

2.  Why  should  we  not  class  all  organisms  that  look  alike  as  the  same 

species  ? 

3.  Which  of  the  following  are  morphological  characters,  and  which  are 

physiological  characters:  (1)  number  of  flagella,  (2)  rate  of  multi¬ 
plication,  (3)  method  of  spore  germination,  (4)  ability  to  produce 
disease,  (5)  locomotion,  (6)  choice  of  food? 

4.  Prior  to  about  1920  what  kind  of  characters  were  used  almost  ex¬ 

clusively  in  the  systems  of  bacterial  classification  that  had  been  pro¬ 
posed  ? 

5.  Give  the  names  of  the  groups,  i.e.,  the  categories,  used  in  the  classifica¬ 

tion  of  living  things,  in  sequence  from  the  largest  categories  to  the 
smallest.  The  bacteria  as  a  whole  make  up  what  kind  of  a  group 
or  category?  What  is  its  scientific  name? 

6.  Give  a  brief  history  of  the  origin  of  the  so-called  “American”  system  of 

bacterial  classification.  What  book  is  devoted  to  a  presentation  of 
this  classification  in  full? 

7.  How  many  orders  of  bacteria  are  there  according  to  the  “S.  A.  B.” 

system?  About  how  many  species  of  bacteria  are  recognized  in  this 
system?  Name  the  largest  order  in  number  of  species.  The  smallest. 

8.  Which  order  contains  members  with  a  threadlike  structure  and  a  distinc¬ 

tion  between  vegetative  body  and  reproductive  portion? 

9.  Which  order  contains  organisms  with  spiral  shape  and  rigid  body, 

organisms  with  spiral  shape  and  flexible  body,  organisms  consisting 
of  a  cell  mounted  on  a  stalk,  organisms  that  carry  on  photosynthesis? 

10.  Which  order  contains  members  that  form  fruiting  bodies  of  a  general 

appearance  suggestive  of  the  slime  molds? 

11.  Which  order  contains  the  “iron  bacteria”;  members  most  resembling 

the  protozoa?  members  most  resembling  the  true  fungi? 

12.  Give  an  example  of  an  important  organism  in  each  order. 

13.  Name  a  family  of  bacteria  that  is  very  important  in  maintaining  soil 

fertility. 

14.  What  family  of  the  Eubacteriales  contains  the  spore  formers? 

15.  Which  orders  of  bacteria  are  of  practically  no  economic  importance  to 

man,  either  beneficial  or  harmful? 

16.  To  what  extent  is  the  “S.  A.  B.”  system  being  used:  ( a )  in  the  United 

States,  ( b )  throughout  the  world? 
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THE  USE  OF  CULTURES 

Although  the  microscope  furnished  the  first  means  for  studying 
bacteria  and  still  is  and  always  will  be  of  great  service  in  this  field, 
the  study  and  use  of  pure  1  cultures  are  given  much  more  attention  by 
the  bacteriologist  of  today. 

The  Uses  of  Pure  Cultures 

Bacteria  were  first  grown  in  mixed  cultures,  the  mixture  including 
whatever  species  happened  to  be  present  in  the  materials  used  for  the 
culture  media,  if  unsterilized,  or  in  the  material  used  to  inoculate  sterile 
media.  Occasionally  this  inoculum  was  so  selected  that  it  supplied  the 
desired  species  only  and  thus  yielded  a  pure  culture.  With  better 
technique  for  obtaining  pure  cultures,  mixtures  are  rarely  used  today. 

Stock  Cultures. — Every  important  bacteriological  laboratory  now 
keeps  pure  cultures  of  those  organisms  that  it  needs  either  for  student 
use  or  for  research.  Such  supplies  are  called  stock  cultures  and  are  kept 
with  meticulous  care.  Each  species  is  grown  on  the  medium  on  which 
it  has  been  found  to  live  best.  Standard  nutrient  agar,  in  test  tubes 
plugged  with  cotton,  is  suitable  for  most  saprophytes  of  the  order 
Eubacteriales,  most  plant  pathogens,  and  some  human  and  animal 
pathogens. 

A  few  years  ago  it  was  the  custom  for  bacteriologists  to  supply  stock 
cultures  on  request  to  their  colleagues  in  other  institutions,  but  this  prac¬ 
tice  became  burdensome  and  was  often  unsatisfactory  in  its  results 
because  of  delay  and  sometimes  mis-identified  or  contaminated  products. 
For  this  reason  the  Society  of  American  Bacteriologists  was  instrumental 
in  establishing  “The  American  Type  Culture  Collection”  of  bacteria 
and  fungi.2 

1  A  pure  culture  contains  one  species  only. 

2  At  the  present  time  this  collection  is  kept  at  the  Georgetown  University 
School  of  Medicine,  Washington,  D.  C.  From  this  source  cultures  may  be 
had  for  the  cost  of  production  plus  postage  and  packing. 

69 


70 


THE  USE  OF  CULTURES 


Stock  cultures  of  most  species  keep  best  in  a  refrigerator  where  they 
are  practically  dormant,  so  that  injurious  products  of  metabolism  ac¬ 
cumulate  but  slowly.  Only  a  few  species  fail  to  live  at  refrigerator 
temperature.  Even  under  these  conditions  it  is  necessary  to  transfer 
stock  cultures  at  intervals  of  a  few  months. 

Studies  in  Bacterial  Physiology. — The  importance  of  knowing 
the  physiological  reactions  of  bacteria  for  purposes  of  identification  was 
emphasized  in  Chapter  V.  It  is  of  further  importance  from  a  practical 
standpoint  to  know  the  physiological  characteristics  of  each  species.  To 
this  end  the  following  studies,  among  others,  are  made :  ( i )  food 
requirements,  i.e.,  the  kinds  of  food  from  which  the  species  can  best 
obtain  its  carbon,  nitrogen,  etc.,  and  the  compounds  best  suited  for 
anaerobic  respiration;  (2)  temperature  requirements,  i.e.,  the  maximum, 
minimum,  and  optimum  temperatures  for  growth  and  other  activities, 
and  the  degree  of  heat  that  the  species  can  withstand  under  different 
conditions  of  medium,  time  of  exposure,  etc.;  (3)  effects  of  injurious 
agents,  e.g.,  light,  dryness,  freezing,  chemicals,  etc.;  (4)  rate  of  multipli¬ 
cation  under  different  conditions;  (5)  products  of  metabolism,  e.g., 
gases,  acids,  toxins,  and  numerous  other  products.  Almost  the  whole 
of  industrial  bacteriology  and  dairy  bacteriology  and  much  of  medical 
bacteriology  are  tied  up  with  this  aspect  of  physiology. 

Mass  Morphology 

Something  can  be  learned  about  bacteria  by  growing  them  on  solid 
culture  media — potato  and  other  vegetables,  and  nutrient  gelatin,  agar, 
and  silicate  jelly.  The  production  of  pigment  is  best  observed  in  this 
way.  Also  each  species  makes  growths1  quite  characteristic  with  regard 
to  shape,  texture,  contour  of  surface,  luster,  etc.  These  growths  are 
studied  mostly  with  the  unaided  eye  or  with  a  simple  lens  of  low 
magnification.  The  three  commonest  ways  of  preparing  such  growths 
are  ( 1 )  by  inoculating  the  surface  of  the  medium  in  tubes  with  a  stroke 
of  an  inoculating  “needle”;  (2)  by  a  stab  into  the  depths  of  a  translucent 
tube  of  culture  medium,  usually  nutrient  agar  or  gelatin;  and  (3)  by 
mixing  a  few  of  the  bacteria  with  agar  or  gelatin,  previously  melted 
by  heat  and  partially  cooled,  and  allowing  the  mixture  to  solidify  in  a 

1  In  bacteriology  the  word  “growth”  is  used  to  mean:  (1)  cell  multiplica¬ 
tion,  (2)  cell  enlargement,  (3)  enlargement  of  bacterial  masses  by  reproduc¬ 
tion  and  growth,  and  (4)  the  visible  mass  of  bacteria  formed  by  reproduction 
and  growth. 
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shallow  Petri  dish  where  colonies  will  form,  each  being  the  result  of 
the  multiplication  of  an  individual.1 

Bacterial  Colonies. — The  bacteriologist  is  afforded  many  oppor¬ 
tunities  for  observing  colonies  of  bacteria.  Petri  dishes  are  used  for  ob¬ 
taining  pure  cultures  and  for  estimating  the  number  of  bacteria  in  milk, 
water,  soils,  etc.  Thus,  incidental  to  the  main  purpose  for  which  the 
plating  is  done,  the  colonies  come  under  observation.  For  more  precise 
studies  plates  are  poured  from  pure  cultures.  A  few  species,  such  as 
Sarcina  lutea,  can  be  recognized  with  fair  certainty  by  the  appearance 
of  the  colonies,  but  most  species  are  not  distinctive,  i.e.,  colonies  of 
different  species  often  look  much  the  same.  The  colony  appearance 
common  to  the  greatest  number  of  species  is  grayish  white,  round, 
smooth,  glistening,  slightly  convex,  and  three  to  five  millimeters  in 
diameter.  Dozens  of  species  produce  colonies  that  fit  this  description. 

The  characteristics  of  surface  colonies  that  receive  most  attention 
are  these :  ( 1 )  Size.  This  may  vary  from  a  small  fraction  of  a  milli¬ 
meter  (pin-point  colonies)  to  the  entire  surface  of  a  Petri  dish  (spread¬ 
ers).  (2)  Shape .  The  commonest  shape  of  colonies  is  round,  but  others 
have  scalloped  or  lobed  margins,  and  these  lobes  may  be  extended  and 
branched  like  the  leaves  of  a  fern.  (3)  Elevation.  The  colonies  may 
be  thin  and  flat,  or  thickened  after  different  patterns.  (4)  Contour. 
The  surface  may  be  even  and  smooth,  or  it  may  show  ridges  or  point¬ 
like  elevations.  (5)  Surface.  The  surface  of  most  colonies  has  a 
glistening  appearance,  but  on  some  it  is  dull.  (6)  Color.  Though  the 
prevailing  color  of  bacterial  colonies  is  grayish  white,  various  shades 
of  yellow  are  fairly  common,  and  reds,  blues,  greens,  and  browns  are 
found  in  some  species.  (7)  Texture.  Most  colonies,  when  tested 
with  an  inoculating  needle,  are  found  to  be  soft  and  slimy,  but  some 
are  relatively  dry  and  brittle  or  crumbly,  and  a  few  are  viscid,  drawing 
out  into  a  slender  strand.  A  long  series  of  technical  terms  is  used  to 
designate  these  many  conditions. 

There  is  no  adequate  explanation  for  the  different  forms  that  colonies 
take,  but  rapidity  of  growth,  the  tendency  to  form  chains  or  filaments, 
and  perhaps  post-fission  movements  appear  to  be  some  of  the  factors 
involved. 

1  In  theory  a  colony  is  the  visible  growth  resulting  from  the  development 
of  a  single  individual  on  a  solid  medium,  and  the  term  should  be  restricted 
to  such  growths  and  not  made  to  include  stroke  and  stab  growths  in  tubes. 
Actually,  however,  two  or  more  cells  that  occur  as  a  chain  or  clump  in 
the  melted  medium,  and  thus  come  to  rest  in  close  proximity  to  each  other, 
will  form  a  colony  indistinguishable  from  those  that  come  from  a  single  cell. 
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Fig.  55.  Bacterial  colonies  of  various  kinds.  In  the  Petri  dish  (above)  are 
two  “spreaders.”  In  the  corner  (lower  right)  are  “pin  point”  colonies,  which  are 
very  tiny  even  when  growing  on  the  surface. 
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Environmental  conditions  have  some  effect  on  colony  characters. 
Submerged  colonies  of  most  aerobes  and  facultative  anaerobes  are  much 
smaller  than  surface  colonies  of  the  same  species.  In  general,  colonies 
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Fig.  56. 


Vertical  sections  through  bacterial  colonies  to  show  forms  of  elevation 
above  the  surface.  Diagrammatic. 


spread  more  on  the  surface  of  a  soft  agar  than  on  a  hard  agar.  Colonies 
that  are  crowded  close  together  do  not  generally  grow  into  each  other, 
but  fail  to  reach  the  size  of  isolated  colonies. 
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Fig.  57.  Forms  of  growth  on 
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Agar  Strokes. — For  this  kind  of  culture  the  tubes  of  media  are 
solidified  in  a  slanting  position,  i.e.,  they  are  laid  down  with  the 
mouth  of  the  tube  an  inch  or  so  higher  than  the  bottom.  The  tubes 
are  inoculated  on  the  resulting  slant  surface  of  the  medium  by  lightly 
drawing  an  inoculated  needle  from  the  bottom  to  the  top.  In  their 
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development  the  organisms  will  spread  more  or  less  over  the  surface, 
the  appearance  of  the  growth  being  somewhat  characteristic  of  the 
species.  Chromogenesis  is  demonstrated  particularly  well  by  means  of 
agar  stroke  cultures. 

Agar  Stabs. — Stab  cultures  are  made  in  tubes  of  agar  or  gelatin 
media  that  have  been  cooled  in  a  vertical  position.  The  inoculation 
is  made  by  pushing  a  straight  needle  down  the  center  of  the  medium, 
nearly  to  the  bottom.  It  should  be  understood  that  when  bacteria 
are  planted  on  the  surface  of  agar  they  have  little  tendency  to  pene- 
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Fig.  58.  Forms  of  growth  in  agar  stab. 


trate  it.  However,  in  the  depths  of  a  stab  the  growth  may  crowd  the 
agar  away,  and  a  few  species  send  fine  strands  of  bacterial  growth  out 
into  it.  Even  strict  aerobes  make  a  growth  in  the  stab,  for  some  oxygen 
diffuses  into  the  medium.  Most  species,  excepting  strict  anaerobes, 
make  a  more  or  less  spreading  growth  on  the  surface,  sometimes  desig¬ 
nated  as  the  “nail  head,”  but  others — e.g.,  Streptococcus  lactis — make 
almost  no  surface  growth.  The  color  of  chromogenic  species  is  often 
absent  in  the  stab. 

Gelatin  Cultures. — Gelatin  is  sometimes  used  for  plates  and  often 
for  stab  cultures,  but  practically  never  for  slants.  The  liquefaction  of 
the  gelatin  by  enzymatic  action  makes  it  an  unfavorable  medium  for 
the  study  of  mass  morphology.  However,  the  liquefaction  along  the 
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line  of  the  stab  takes  different  forms  with  different  species,  and  while 
these  forms  are  not  very  exact  they  have  some  value  in  the  recognition 
of  species.  Of  more  significance,  however,  is  the  question  whether  or 
not  liquefaction  takes  place. 

It  should  be  understood  that  mass  growths  are  of  considerable  value 
in  identifying  bacteria,  but  some  allowance  must  be  made  for  variability 


None 


Fig.  59.  Forms  of  gelatin  liquefaction.  Diagrammatic. 


under  different  conditions  and  even  under  conditions  that  are  supposed 
to  be  nearly  identical. 


Culture  Media 

Starting  with  natural  materials  such  as  pieces  of  meat  and  vegetable, 
or  infusions  of  such  materials  made  by  boiling  them  in  water  and 
straining  out  the  liquids  to  be  used,  bacteriological  science  has  developed 
literally  thousands  of  different  kinds  of  culture  media.1 

Liquid  Media. — The  commonest  of  these  is  standard  beef  bouillon. 
Fresh  lean  beef  was  formerly  used  for  this  medium,  and  is  still  used  for 
some  special  work,  but  it  has  largely  been  replaced  by  beef  extract, 
which  is  more  convenient  and  cheaper.  To  a  liter  of  distilled  water 

1  A  book  of  969  pages  on  the  subject,  entitled  A  Compilation  of  Culture 
Media  for  the  Cultivation  of  Microorganisms,  has  been  written  by  Max 
Levine  and  H.  W.  Schoenlein  and  includes  approximately  7000  different 
kinds.  Additional  ones  have  been  devised  more  recently. 
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are  added  3  grams  of  beef  extract  and  5  grams  of  peptone,  which  is  a 
digest  of  protein  material  such  as  lean  meat  or  egg  albumen.  It  is  the 
peptone  rather  than  the  beef  extract  that  supplies  most  of  the  nitrogenous 
food,  the  extract  contributing  mineral  salts,  etc.  These  ingredients  are 
boiled  together,  and  the  reaction  is  adjusted  to  pH  6.8  to  7.0,  which, 
being  neutral  or  only  slightly  acid,  is  favorable  to  the  development 
of  most  bacterial  species.  The  bouillon  is  then  filtered  through  paper 
and  sterilized  in  tubes  or  flasks. 

Solid  Media. — Some  use  is  still  made  of  tubes  of  potato  and  other 
vegetables.  In  preparing  these,  cork  borers  are  commonly  used  to  cut 
out  pieces  which  are  then  trimmed  to  a  long  slant.  Each  piece  is 
dropped  slant  end  up  into  a  J^-inch  tube,  a  little  water  is  added,  and 
the  tubes  are  plugged  with  cotton  and  sterilized. 

More  extensive  use  is  made,  however,  of  solid  media  prepared  by 
solidifying  standard  beef  bouillon  or  other  liquid  media  with  agar 
(12  g.  to  15  g.  per  liter)  or  gelatin  (100  g.  per  liter).  Each  of  these 
solidifying  agents  has  its  special  advantages  and  disadvantages. 

Nutrient  gelatin  melts  at  about  23 0  C.  and  solidifies  again  if  cooled 
below  that  point.  It  cannot,  therefore,  be  used  as  a  solid  medium  in  a 
body-temperature  incubator  or  even  in  a  warm  room.  Also,  some  kinds 
of  organisms  liquefy  gelatin  by  enzymatic  action,  a  fact  which  has  an 
advantage  and  a  disadvantage.  In  identification  work  it  is  useful  to 
know  whether  or  not  an  organism  can  liquefy  gelatin,  and  sometimes 
also  to  note  the  character  or  shape  of  the  liquefied  portion  in  stab  cul¬ 
tures;  but  liquefaction  is  a  disadvantage  when  a  medium  that  is  solid 
under  all  conditions  is  desired. 

Nutrient  agar  1  remains  solid  until  heated  nearly  to  the  boiling  point 
(about  950  C.),  but  when  melted  by  heat  it  does  not  solidify  until  cooled 
to  about  40°  C.  Agar  cultures,  therefore,  can  be  kept  at  temperatures 
as  high  as  those  at  which  any  species  will  grow,  but  when  melted  this 
medium  can  be  cooled  for  inoculation,  without  solidifying,  to  a  tempera¬ 
ture  that  all  species  can  withstand,  at  least  for  a  short  time.  Further¬ 
more,  an  agar  medium  is  not  liquefied  by  the  enzymatic  action  of  bacteria 
except  in  rare  instances.  As  agar  and  gelatin  filter  rather  slowly  through 
paper,  they  are  usually  filtered  through  a  pad  of  absorbent  cotton. 

Blood  Media. — While  certain  pathogens  (such  as  Eberthella  typhosa , 
Vibrio  comma,  and  Bacillus  anthracis)  grow  readily  on  vegetable  media, 
beef  agar,  gelatin,  and  bouillon,  others  (including  Corynebacterium 

1  This  solidifying  agent  is  a  polysaccharide  obtained  from  certain  species 
of  brown  algae. 
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diphtheriae,  Mycobacterium  tuberculosis,  Diplococcus  pneumoniae,  and 
the  Neisserias  which  cause  meningitis  and  gonorrhea)  grow  poorly  or 
not  at  all  on  such  media.  The  addition  of  blood  serum,  or  whole 
defibrinated  blood,  to  beef  agar  makes  it  much  more  favorable  to  growth 
of  the  latter.  If  these  ingredients  are  added  before  sterilization  they 
are  coagulated  by  the  heat.  Therefore,  in  making  tubes  of  blood  serum 
for  throat  cultures  of  diphtheria,  blood  serum  and  bouillon  are  mixed 
and  tubed,  and  the  tubes  are  sterilized  and  hardened  in  a  slant  position. 
Elowever,  if  blood  agar  is  desired  for  plating,  the  blood  is  drawn 
aseptically  and  added  to  the  melted  agar  at  the  time  when  the  plates 
are  poured,  or  it  may  be  flooded  in  a  thin  layer  over  the  solidified  agar 
in  the  plates. 

Sterilization  of  Culture  Media,  Glassware,  etc. 

Culture  media  must  be  sterilized  in  cotton-stoppered  flasks  or  tubes 
as  soon  as  possible  after  preparation ;  otherwise  there  will  be  a  rapid 
multiplication  of  contaminating  organisms  and  the  material  will 
decompose. 

Three  Methods  for  Sterilizing  Media. — Dating  from  Spallanzani’s 
work  during  the  controversy  over  spontaneous  generation,  it  was  cus¬ 
tomary  for  a  time  to  sterilize  media  by  heating  for  several  hours  at  the 
boiling  point.  This  method  is  still  used  in  home  canning  but  rarely  in 
bacteriological  work.  It  was  superseded  by  the  method  of  discontinuous 
heating.  As  soon  as  tubed  the  medium  was  heated  in  a  steam  sterilizer 
at  the  boiling  point  for  a  few  minutes  only.  This  would  kill  the  vege¬ 
tative  cells  but  not  the  spores.  The  medium  was  then  allowed  to  stand 
until  the  next  day,  during  which  time  most  of  the  spores  would  germi¬ 
nate  and  produce  vegetative  cells.  A  second  similar  heating  would  kill 
them.  Since  some  spores  would  be  slow  in  germinating,  a  third  heating 
was  performed  on  the  third  day.  Although  this  method  was  slow  and 
not  always  successful  because  of  delayed  spore  germination,  it  was  used 
almost  universally  for  some  years,  and  it  is  still  used  for  certain  kinds  of 
media  that  are  easily  decomposed  by  excessive  heat. 

The  third  method,  which  has  largely  replaced  the  other  two,  is  heat¬ 
ing  in  an  autoclave,  or  steam  pressure  sterilizer.  The  medium  is  placed 
in  the  autoclave,  the  door  is  closed,  a  tiny  pet  cock  near  the  door  is  opened 
to  permit  the  escape  of  air,  and  steam  under  pressure  is  admitted.  When 
most  of  the  air  has  been  expelled,  as  indicated  by  a  flow  of  steam  from 
the  pet  cock,  this  valve  is  nearly  closed  to  permit  the  building  up  of 
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steam  pressure  in  the  autoclave.  To  facilitate  free  circulation  of  steam 
and  exclusion  of  air  the  tubes  are  sterilized  in  baskets  rather  than  cans 
and  the  pet  cock  is  left  slightly  open  throughout  the  sterilizing  period, 
which  varies  from  ten  minutes  to  a  half  hour.  The  pressure  most  com¬ 
monly  used  is  fifteen  pounds  per  square 
inch  in  excess  of  the  atmospheric  pres¬ 
sure.  This  gives  a  temperature  of 
approximately  1210  C.,  sufficient  to  kill 
the  spores  in  a  single  short  heating.  Care 
must  be  taken  to  close  the  pet  cock  and 
cool  down  the  autoclave  slowly  at  the 
end  of  the  process  to  prevent  viol- 
lent  boiling  within  the  tubes  or  flasks, 
as  this  would  tend  to  wet  the  cotton 
plugs  and  might  even  blow  them  out. 

Certain  ingredients  in  culture 
media,  particularly  gelatin  and  some 
sugars,  are  gradually  decomposed  by 
the  heat  of  the  autoclave,  and  if  this 
method  is  used  the  media  containing 
them  must  be  heated  for  the  shortest 
time  that  is  required  for  sterilization. 
In  some  cases  the  media  must  be  steri¬ 
lized  at  the  boiling  point  by  the  in¬ 
termittent  method. 

Sterilization  of  Glassware.  — 
Though  the  autoclave  may  be  used  for 
glassware,  this  is  not  to  be  recom¬ 
mended,  since  the  glass  is  left  wet. 
More  commonly  the  tubes,  flasks,  Petri 
dishes,  etc.,  are  sterilized  in  a  hot-air 
oven.  The  temperature  required  will  depend  upon  the  length  of  time 
during  which  the  heat  is  applied.  A  temperature  of  150°  C.  for  an 
hour  after  the  glassware  is  heated  through  is  sufficient,  but  170°  or 
above  for  a  half  hour  or  longer  is  more  commonly  used.  Some  dry 
sterilizers  are  heated  with  electricity,  others  with  gas. 


Fig.  60.  Autoclave.  Horizon¬ 
tal  laboratory  type.  Courtesy  of 
E.  H.  Sargent  &  Co. 


Inoculating  Culture  Media 

The  transfer  of  bacteria  to  culture  media  from  stock  cultures,  or 
from  other  materials  containing  them,  requires  good  technique  and  care- 
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ful  manipulation.  At  the  start  it  must  be  assumed  that  all  exposed 
surfaces — work  tables,  hands,  instruments,  and  the  exteriors  of  tubes 
and  flasks  of  sterile  media — are  contaminated  with  miscellaneous  bacteria 
and  mold  spores.  Even  the  air  may  contain  a  few  of  them,  especially 
if  the  work  room  is  dusty  and  there  is  a  draft.  The  problem  is  to  transfer 
the  desired  bacteria  to  the  sterile  culture  medium  without  introducing 
any  foreign  ones  from  these  sources  of  contamination. 

Preparation  of  Room. — Transfers  are  best  made  in  a  small,  clean, 
culture  room.  It  is  a  useful  principle  that  the  air  in  a  small  space  with 
wet  walls  1  soon  becomes  free  from  suspended  particles  of  dust,  which 
adhere  to  the  wet  surfaces  with  which  they  come  in  contact.  For  this 
reason  the  walls  of  the  culture  room  to  be  used  for  exacting  work  should 
be  wiped  with  a  wet  cloth  just  before  use,  or,  better  still,  the  room 
should  be  flooded  with  steam.  A  clean  wet  towel  spread  out  on  the 
work  shelf  contributes  to  the  same  end. 
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Fig.  6 1.  Inoculating  needle  and  loops.  About  half  natural  size. 


Transfer  with  Inoculating  Needle. — When  the  exact  amount  of 
inoculum  to  be  transferred  is  not  an  important  consideration,  the  easiest 
method  is  by  the  use  of  an  inoculating  needle.  This  consists  of  a  handle, 
usually  an  aluminum  rod,  in  the  end  of  which  is  fastened  a  piece  of 
slender  wire.2  The  wire  may  be  straight  or  the  tip  may  be  bent  into 
a  loop  i  to  3  mm.  or  more  in  diameter. 

In  making  transfers  from  tube  to  tube  by  this  method  the  needle  is 
heated  in  a  flame  to  dull  redness,  and  as  much  of  the  handle  as  will  be 
thrust  into  the  tube  in  making  the  transfer  is  passed  quickly  through  the 
flame.  The  two  tubes  are  held  in  the  left  hand  in  such  a  position  that 
their  contents  are  easily  visible.  The  cotton  plugs  are  removed  with 
the  fingers  of  the  right  hand,  which  also  holds  the  flamed  needle  as  one 

1  It  is  an  established  fact  that  the  breath  and  even  sewer  gas  are  free 
from  bacteria,  or  practically  so,  for  this  reason. 

2  Formerly  this  wire  was  of  platinum  with  ten  per  cent  of  iridium  to  give 
it  stiffness,  but  alloy  has  been  largely  replaced  by  electrical  resistance  wire, 
which  is  less  expensive  and  is  satisfactory  for  most  work. 
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would  hold  a  spoon  for  eating  or  a  pencil  for  writing.  After  passing 
the  mouths  of  the  opened  tubes  lightly  through  the  flame  to  remove  any 
dust  particles,  the  needle  is  cooled  against  the  inside  wall  of  the  culture 
tube  or  by  thrusting  it  into  the  culture  medium  near  the  wall,  away  from 
the  bacterial  growth.  With  the  cooled  needle  tip  a  little  of  the  culture 
is  transferred  to  the  tube  of  sterile  medium,  and  the  plugs,  which  have 


Fig.  62.  Method  of  making  tube  transfers.  The  tubes  are  held  so  as  to 
make  the  media  easily  visible;  the  plugs  are  held  between  the  fingers  to  prevent 
contamination,  and  where  they  will  least  restrict  the  action  of  the  hand. 


been  held  between  the  fingers  and  not  allowed  to  touch  any  contaminated 
surface,  are  replaced  in  the  tubes. 

Transfer  with  Pipette  . — For  quantitative  work  a  sterile  graduated 
pipette  is  used  for  transfer.  For  example,  in  making  a  quantitative 
estimate  of  the  number  of  bacteria  in  water  or  milk,  1.0  cc.  of  the  sample 
is  transferred  with  a  pipette  to  a  9  cc.  tube  or  a  99  cc.  flask  of  sterile 
water  for  purposes  of  dilution  (See  Fig.  129,  page  214. )  If  it  is  anticipated 
that  the  number  of  bacteria  will  be  very  high,  further  dilutions  are 
similarly  made.  Then  1.0  cc.  of  the  diluted  sample  is  transferred  to  a 
sterile  Petri  dish,  and  a  little  melted  agar  is  added  and  thoroughly  mixed 
with  the  sample.  After  the  agar  has  hardened,  the  dishes  are  incubated 
until  colonies  have  developed.  It  was  once  assumed  that  each  bacterium 
in  the  sample  would  produce  a  colony,  and  that  a  count  of  the  colonies, 
which  is  made  with  the  aid  of  a  hand  lens,  would  represent  the  number 
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of  bacteria  in  the  sample;  however,  it  is  now  known  that,  for  reasons 
given  in  Chapter  XVII,  there  will  be  fewer  colonies  than  there  were 
bacteria. 


Fig.  63.  Method  of  pouring  plates.  The  work  is  done  on  a  damp  towel 
to  prevent  intrusion  of  dust,  and  the  cover  is  lifted  only  slightly  while  the  melted 
agar  is  poured  into  the  dish. 


Methods  for  Isolating  Pure  Cultures 

Pure  cultures  of  bacteria  are  rarely  found  in  nature.  As  a  rule, 
where  one  species  is  found  others  are  found  also,  making  a  mixture  that 
is  difficult  to  separate.  Even  in  the  body  of  an  animal  or  plant  afflicted 
with  a  bacterial  disease,  harmless  saprophytes  may  accompany  the 
pathogens  as  “secondary  invaders.” 

Bacteria  are  so  tiny  that  the  pioneer  workers  found  great  difficulty 
in  separating  one  kind  from  another.  As  a  result  they  often  worked  with 
mixed  cultures,  which  they  sometimes  thought  were  pure.  Various 
ingenious  methods  have  been  devised  to  remedy  this  difficulty. 

The  Dilution  Method. — Lister  and  his  contemporaries  used  the  fol¬ 
lowing  means  of  separating  a  single  species  from  a  mixture  containing  it. 
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A  series  of  flasks  of  sterile  liquid  medium  was  prepared,  and  a  little  of 
the  material  containing  a  mixture  of  bacteria  was  added  to  one  of  these 
flasks.  From  this  flask  a  drop  or  so  was  added  to  other  flasks  and  from 
these  to  still  others  until,  by  dilution,  some  flasks  would  receive  only 
one  cell  and  others  none  at  all.  It  might  so  happen  that  some  of  the 
flasks  would  receive  only  one  kind  of  bacteria.  One  of  these  might 
chance  to  be  the  desired  kind,  especially  if  this  kind  was  more  numerous 
than  others  in  the  original  material.  The  method  was  tedious  and  usually 
unsuccessful.  Lister’s  use  of  a  finely  graduated  syringe  to  inoculate 
sterile  solutions  gave  him  better  success  than  other  workers  had. 

The  Petri  Dish  Method. — Among  the  early  bacteriologists  one  of 
the  most  ingenious  in  devising  methods  was  the  German,  Robert  Koch. 
Koch  noted  little  specks  and  masses  growing  on  the  moist  surface  of  a 
piece  of  boiled  potato.  Microscopic  examination  showed  these  to  be, 
in  many  cases,  organisms  of  one  kind  only.  This  led  him  to  add  ordinary 
household  gelatin  to  beef  bouillon  as  a  hardening  agent.  To  this 
nutrient  gelatin,  melted  by  heat,  he  would  add  a  little  material  con¬ 
taining  a  mixture  of  bacteria,  pour  it  out  on  a  sterile  glass  plate,  cover 
it  for  protection  against  microorganisms  from  the  air,  and  allow  it  to 
cool  and  thereby  harden.  In  due  time  colonies  would  appear  that  were 
often  pure  cultures.  While  Koch  was  not  the  first 1  to  use  solid  media, 
or  to  solidify  liquid  media  with  gelatin,  it  was  he  who  perfected  these 
methods  and  brought  them  into  general  use. 

This  technique  was  epoch-making  and  has  since  been  adopted  almost 
universally.  Two  important  improvements  have  been  added.  The 
original  plates  permitted  the  melted  gelatin  to  flow  over  the  edge,  and 
they  occupied  too  much  space  if  used  in  large  numbers.  To  remedy 
these  defects  one  of  Koch’s  students,  R.  J.  Petri,  devised  shallow  glass 
dishes  with  overlapping  covers.  These  are  the  “Petri  dishes”  of  today. 
Frau  Hesse,  wife  of  one  of  Koch’s  assistants,  found  that  agar-agar, 
substituted  for  gelatin,  had  the  advantages  of  not  being  so  easily  melted 
by  warmth  or  liquefied  by  microorganisms.  These  discoveries  were  given 
to  the  world  during  the  period  from  1883  to  1887. 

Although  pure  cultures  have  been  obtained  thousands  of  times  by  this 
method,  it  happens,  not  infrequently,  that  a  colony  contains  growths 
from  cells  of  two  species  that  happened  to  be  together  in  the  culture 

1  In  1872  Joseph  Schroeter  published  a  paper  on  the  use  of  potato,  bread, 
and  other  solid  media  for  the  study  of  pigment-producing  bacteria,  and  doubt¬ 
less  obtained  pure  cultures  of  them.  In  the  same  year  Oscar  Brefeld  pub¬ 
lished  the  first  of  a  series  of  volumes  in  which  he  described  the  use  of 
gelatin  for  solidifying  liquid  media. 
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medium.  Repeated  plating  from  newly  formed  colonies  usually  results 
in  purification  of  such  mixtures — but  not  always. 


Fig.  64.  Colonies  in  Petri  dish.  Usually  the  surface  colonies  are  larger  than  the 
submerged  colonies  because  of  more  abundant  oxygen  supply. 

Single  Cell  Isolation. — Obviously  the  natural  way  to  obtain  a  pure 
culture  from  a  mixture  of  microorganisms  is  to  pick  out  individual  cells 
of  the  kind  wanted,  just  as  one  might  pick  out  one  kind  of  garden  seed 
from  a  mixture  of  several.  The  difficulty  is  that  bacteria  are  so  small 
that  they  cannot  be  seen  with  the  unaided  eye,  and  instruments  fine 
enough  to  pick  up  a  single  one  are  difficult  to  make  and  use. 

These  difficulties  have  been  in  a  measure  overcome,  however,  by 
a  combination  of  the  Barber  pipette  and  the  micromanipulator.  The 
Barber  pipette,  with  a  very  fine  capillary  point,  is  mounted  on  the  micro¬ 
manipulator,  which  is  an  instrument  with  micrometer  screws  by  means  of 
which  the  pipette  or  other  instrument  can  be  moved  forward  and  back¬ 
ward,  right  and  left,  and  up  and  down. 

The  pipette,  which  has  a  bent  tip,  can  thus  be  inserted  from  below 
into  a  hanging  drop  containing  a  few  bacteria  which  are  under  observa- 
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tion  with  a  microscope  on  the  micromanipulator.  In  this  way,  a  cell 
can  be  drawn  into  the  pipette  by  gentle  suction  and  then  transferred 
to  sterile  bouillon.  This  is  the  most  accurate  method  for  obtaining  pure 
cultures,  but  it  is  not  generally  used  because  the  micromanipulator  is  an 
expensive  piece  of  apparatus  and  its  manipulation  is  very  tedious. 


Fig.  65.  Micromanipulator.  The  instruments  can  be  moved  in  any  direction 
by  micrometer  screws,  and  if  a  pipette  is  used  a  delicate  method  of  suction  is 
provided.  Courtesy  of  E.  Leitz,  Inc. 


Animal  Inoculation. — A  method  occasionally  used  for  obtaining 
pure  cultures  of  pathogenic  organisms  is  the  inoculating  of  the  mixture 
containing  them  into  a  susceptible  animal.  The  intruding  saprophytes 
will  not  multiply  within  the  body  of  the  animal  but  will  usually  be 
destroyed,  while  the  pathogen  will  multiply  and  may  then  be  transferred 
to  culture  media.  Thus  manure  or  soil  inoculated  into  the  body  of  a 
mouse  may  yield  a  pure  culture  of  the  tetanus  organism ;  likewise,  a 
pure  culture  of  the  pneumococcus  may  often  be  obtained  by  inoculating 
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into  a  white  mouse  sputum  containing  the  pneumonia  organisms.  From 
such  animals  the  organism  can  be  transferred  to  tubes  of  culture  media. 


Determining  Physiological  Properties 

Our  interest  in  bacteria,  both  scientific  and  practical,  is  largely  de¬ 
termined  by  their  physiological  activities,  especially  the  chemical  changes 
they  bring  about  through  the  action  of  their  enzymes.  (See  Chapters 
VIII  and  IX.)  Most  studies  of  bacterial  physiology — not  only  their 
chemical  reactions  but  also  their  reproduction,  growth,  nutrition,  and 
the  effects  on  them  of  environmental  factors  such  as  temperature,  light, 
and  injurious  chemicals — are  carried  on  with  pure  cultures  under  con¬ 
trolled  conditions.  Without  such  cultures  it  would  be  practically  im¬ 
possible  to  pursue  investigations  of  this  nature. 


Review  Questions 

1.  Who  first  made  cultures  of  bacteria?  What  was  the  purpose  of  this 

first  work  with  cultures? 

2.  Who  made  the  greatest  contribution  to  the  technique  of  obtaining  pure 

cultures  ? 

3.  What  are  stock  cultures  used  for?  Under  what  conditions  are  most 

stock  cultures  kept?  Why  do  stock  cultures  need  to  be  transferred 
to  fresh  media?  From  what  source  can  one  obtain  pure  cultures 
of  many  species? 

4.  Give  two  reasons  or  purposes  for  doing  so  much  culture  work  with 

bacteria. 

5.  Give  four  different  meanings  for  the  word  “growth”  as  used  in  bac¬ 

teriology. 

6.  Define  a  bacterial  colony.  Under  what  conditions  could  a  growth  that 

looks  like  a  colony  not  be  a  true  colony? 

7.  Name  the  culture  medium  most  used  in  bacteriological  work. 

8.  In  this  medium  what  is  the  chief  source  of:  ( a )  carbon,  ( b )  nitrogen, 

(c)  mineral  salts? 

9.  About  how  many  kinds  of  culture  media  have  been  devised?  What 

two  agents  are  most  used  for  solidifying  culture  media? 

10.  Give  approximately  the  melting  point  and  the  solidifying  point  of 
standard  beef  agar.  Of  standard  beef  gelatin.  Which  of  these  two 
media  is  liquefied  by  the  greater  number  of  bacterial  species? 
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11.  Name  two  human  pathogens  that  grow  readily  on  beef  agar  and  three 

that  do  not.  Name  the  ingredient  that  is  most  often  added  to  beef 
bouillon  or  agar  to  make  it  more  favorable  to  human  pathogens. 

12.  How  is  blood  serum  solidified  for  a  culture  medium? 

13.  Describe  the  usual  method  used  to  sterilize  glassware,  giving  tem¬ 

perature  and  time  of  heating. 

14.  Briefly  outline  three  methods  for  sterilizing  culture  media.  Name  a 

culture  medium  that  will  stand  autoclaving  for  an  hour  and  one 
that  will  not. 

15.  When  the  intermittent  method  of  heating  is  used:  (a)  What  would  be 

the  objections  to  heating  at  6:00  a.m.,  noon,  and  6:00  p.m.  of  the 
same  day?  ( b )  What  would  be  the  objection  to  heating  Monday, 
Wednesday,  and  Saturday  of  the  same  week? 

16.  For  exacting  work,  what  kind  of  a  room  should  be  used  for  transfers 

and  how  should  it  be  prepared  for  the  work? 

17.  In  making  tube  transfers  with  an  inoculating  needle  how  much  of  it 

should  be  heated? 

18.  Under  what  circumstances  should  a  pipette  be  used  for  transfers,  rather 

than  an  inoculating  needle? 

19.  Name  three  methods  for  obtaining  pure  cultures  from  material  con¬ 

taining  a  mixture  of  organisms.  Explain  how  inoculation  into  an 
animal  may  aid  in  obtaining  a  pure  culture  from  a  mixture. 

20.  About  what  temperature  of  incubation  is  optimum  for  most  bacterial 

species  ? 

21.  In  studying  and  comparing  different  kinds  of  colonies,  what  charac¬ 

teristics  should  be  noted?  In  studying  and  comparing  different  kinds 
of  agar  slants,  what  characteristics  should  be  noted?  In  studying 
and  comparing  different  kinds  of  agar  stabs,  what  characteristics 
should  be  noted? 

22.  Name  and  describe  the  different  types  of  liquefaction  in  gelatin  tube 

cultures. 


CHAPTER  VII 


REPRODUCTION  AND  GROWTH  OF  BACTERIA 


One  of  the  amazing  properties  of  bacteria  is  their  ability  to  multiply 
rapidly  under  favorable  conditions.  This  is  made  possible  by  their  rapid 
assimilation  of  food  and  their  simple  method  of  reproduction. 

Fission  or  Constriction. — All  members  of  the  Eubacteriales,  and 
most  species  in  other  orders,  reproduce  by  simply  pinching  in  two.1  In 
this  process  a  ring-shaped  groove  or  furrow  appears  and  progresses  in¬ 
ward  until  the  cell  is  divided.  A  wall  is  secreted  to  cover  the  newly 
formed  ends  of  the  daughter  cells,  and  the  process  is  complete.  In  the 
filaments  of  algae  and  the  hyphae  of  fungi  and  in  some  filamentous 
bacteria  the  old  wall  remains  intact,  the  constriction  furrow  forms 
inside  it,  and  a  septum  or  wall  is  built  across  between  the  two  daughter 
cells,  which  do  not  separate  but  remain  together  to  form  a  thread  or 
filament.  In  most  bacteria,  however,  the  wall  softens  and  bends  inward 
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Fig.  66.  Stages  in  constriction  or  binary  fission  of  bacterial  cells.  In  the 
upper  series  the  wall  bends  inward  with  the  constriction  furrow,  causing  the 
cells  to  separate  readily.  In  the  lower  series  the  outer  walls  remain  intact  and 
a  filament  is  formed. 

as  the  furrow  progresses,  so  that  when  the  process  is  complete  the  two 
daughter  cells  are  but  loosely  attached  to  each  other,  or  are  entirely  free. 

Plasmodesmids. — In  some  of  the  larger,  rod-shaped  bacteria  that 
form  chains  as  a  result  of  division,  tiny  strands,  presumed  to  be 

1  The  general  term  for  transverse  division  of  this  kind  is  constriction. 
If  the  process  results  in  the  division  of  the  mother  cell  into  two  daughter 
cells  of  equal  size,  as  in  the  bacteria,  the  term  binary  fission  is  applicable. 
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protoplasm,  may  be  seen  connecting  the  ends  of  the  adjacent  cells.  These 
are  called  plasmodesmids.  The  fact  that  the  chain  swims  along  as 
though  the  flagella  of  all  the  cells  were  working  harmoniously  suggests 
the  likelihood  that  coordination  between  the  cells  of  the  chain  is  made 
possible  by  the  plasmodesmids.  It  has  been  suggested  that  threads  too 
fine  to  be  seen  with  a  microscope  may  connect  the  cells  of  the  smaller 
chain-forming  species  of  bacteria. 

Post-fission  Movements. — Careful  studies  have  been  made  of  the 
methods  by  which  final  separation  of  daughter  cells  is  accomplished  in 


Fig.  67.  Plasmodesmids.  Protoplasmic  strands  connecting  cells  after  division. 
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some  of  the  rod-shaped  bacteria.  Three  kinds  of  post-fission  movements 
have  been  observed  that  bring  about  this  result.  ( 1 )  In  bacteria  of  the 
colon-typhoid  group  the  cells  first  pull  apart  slightly,  then  move  toward 
and  glide  past  each  other  until  they  lie  nearly  parallel,  neither  cell  chang¬ 
ing  end  for  end.  This  is  called  a  “slipping”  movement.  (2)  In  the 

diphtheria  organism  the  two  cells 
pivot  at  the  point  of  union  while 
the  free  ends  of  one  or  both  at¬ 
tached  cells  swing  around  toward 
each  other,  sometimes  rather  sud¬ 
denly,  thus  breaking  the  connec¬ 
tion  between  the  two  cells,  which 
then  lie  parallel.  This  is  called 
a  “whipping”  movement.  (3)  In 
the  genus  Bacillus ,  e.g.,  B.  an- 
thracis,  the  two  daughter  cells 
push  against  each  other  and  even 
From  Henrici’s  Biology  of  Bacteria.  D.  C.  bend  somewhat  until  a  sharp  angle 
Heath  and  Co.  forms  at  the  point  of  union,  thus 

breaking  the  two  cells  apart. 
This  is  called  a  “snapping”  movement.  As  in  the  slipping  movement, 
the  cells  slide  past  each  other  and  thus  come  to  lie  parallel,  neither  one 
changing  end  for  end. 
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Fig.  68.  Post-fission  movements.  I, 
“slipping”  movements;  II,  “whipping” 
movements;  III,  “snapping”  movements. 
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Planes  of  Division. — The  direction  in  which  the  constriction  furrow 
cuts  through  the  cell  is  spoken  of  as  the  “plane  of  division.”  In  rod¬ 
shaped  cells,  whether  straight  or  spiral,  the  one  plane  of  division  is 
crosswise,  i.e.,  at  right  angles  to  the  long  axis  of  the  cell. 

Spherical  forms  of  bacteria,  or  cocci,  show  greater  variety  in  their 
planes  of  division.  In  the  genus  Streptococcus  there  is  but  one.  In  some 
species  of  the  genus  Micrococcus  division  in  one  plane  is  alternated  with 
division  in  another  plane  at  right  angles  to  the  first,  or  nearly  so.  In 
the  genus  Sarcina  there  is  division  in  three  planes  alternating  with 
each  other,  each  at  right  angles  to  the  other  two.  It  will  be  seen  that 
if  the  daughter  cells  adhere  to  each  other  after  division,  groups  of  dif- 


Fig.  69.  Chains,  sheets,  and  packets,  resulting  from  division  in  one,  two,  or  three 

planes.  Semi-diagrammatic. 


ferent  shapes  will  be  formed.  Division  in  one  plane,  whether  in  rods 
or  in  spheres,  will  produce  chains.  Division  in  two  planes  will  form 
sheets.  Division  in  three  planes  will  result  in  packets. 

In  the  genus  Staphylococcus  the  successive  planes  of  division  are  not 
exactly  at  right  angles  to  each  other,  and  as  a  result  irregular  grape¬ 
like  clumps  are  formed. 

Gonidia. — Gonidia  are  tiny  reproductive  bodies  formed  in  consider¬ 
able  numbers  within  the  wall  of  the  mother  cell.  When  they  escape 
from  the  old  wall  they  develop  into  cells  characteristic  of  the  species. 
Probably  some  of  the  reports  of  gonidia  have  been  erroneous,  the  bodies 
described  being  only  granules  included  with  the  protoplasm,  but  others 
are  more  convincing. 
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Gonidia  are  not  commonly  produced  by  members  of  the  Eubacteriales, 
but  in  one  genus,  R_hizobium,  the  organism  that  inhabits  the  nodules  of 
leguminous  plants  and  fixes  nitrogen,  the  evidence  of  their  occurrence  is 
rather  strong.  They  occur  most  commonly  in  some  members  of  the 
Chlamydobacteriales. 

Budding. — While  fission  is  everywhere  emphasized  as  the  commonest 
method  of  bacterial  reproduction,  budding  has  been  described  by  a 
number  of  writers  as  occurring  at  times  or  under  certain  conditions 
in  many  species  of  bacteria,  including  some  of  the  commoner  Eubac¬ 
teriales.  Whether  or  not  this  is  a  regular  method  of  reproduction 
comparable  to  that  of  the  yeast  has  not  been  proved. 

Conjugation  in  Bacteria  Doubtful. — Most  bacteriologists  admit 
freely  that  they  have  never  seen  conclusive  evidence  of  conjugation  or 
sexual  reproduction  in  bacteria.  Quite  a  number  of  papers  have  been 
published,  however,  that  claim  to  demonstrate  this  process.  None  of 
these  claims  are  very  convincing,  and  the  prevailing  opinion  today  is 
that  bacteria  have  no  true  sexuality.  This  conclusion  finds  support  in 
the  fact  that  the  blue-green  algae,  generally  regarded  as  the  closest 
relatives  of  the  bacteria,  likewise  have  no  conjugation. 

Growth  of  Cells 

If  conditions  are  favorable  cell  division  is  normally  followed  by  a 
period  of  enlargement  or  growth.  Through  absorption  of  water  and 
food  and  manufacture  of  protoplasm  the  cell  enlarges  to  its  original 
size.  This  involves  growth  in  a  direction  at  right  angles  to  the  plane 
of  division.  During  such  a  period  of  rapid  cell  divison  and  growth  it  is 
natural  that  the  newly  formed  cells  in  a  culture  would  be  only  half  as 
long  as  the  mature  ones.  In  some  coccus  forms  the  daughter  cells  are 
hemispheres  when  first  formed  and  are  then  restored  by  growth  to 
full  spheres.  In  others — which  perhaps  should  not  be  called  true 
cocci  but  short  rods — the  cell  elongates  first  and  then  divides  so  that 
only  the  newly  formed  daughter  cells  are  round. 

Under  conditions  highly  favorable  for  cell  growth,  such  as  a 
very  young  culture  will  find  in  a  suitable  medium,  growth  will  so  far 
outrun  cell  division  that  the  cells  will  be  unusually  large.  On  the 
other  hand,  if  conditions  are  unfavorable  for  development,  as  in  an 
old  culture,  the  elongation  of  rod-shaped  cells  may  not  keep  pace  with 
cell  division,  with  the  result  that  the  cells  will  measure  much  less  in 
length,  on  an  average,  than  they  will  under  more  favorable  conditions. 


Logarithms  of  Cell  Numbers 


GROWTH  CURVES 
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It  is  thus  easy  to  see  that  the  length  of  rod-shaped  cells  is  a  much  more 
variable  quantity  than  the  diameter. 

Growth  Curves 

It  has  been  shown  that  under  favorable  conditions  some  kinds  of 
bacteria  divide  so  fast  that  they  double  in  number  every  twenty 
minutes.  Simple  arithmetic  will  show  what  enormous  numbers  would 
result  if  this  rate  of  increase  were  to  continue  for  even  a  few  days.  It 
is  known  that  environmental  conditions,  including  shortage  of  food 
and  the  accumulation  of  excretion  products  of  the  bacteria  themselves, 
soon  cause  a  slowing  down  of  the  rate  of  multiplication. 


Fig.  70.  A  common  form  of  growth  curve,  starting  -with  one  cell  in  a  favorable 
medium.  I.  S.,  initial  stationary  phase;  Lag,  positive  acceleration  phase;  Log., 
logarithmic  phase;  N.  A.,  negative  acceleration  phase;  Sta.,  stationary  phase; 
A.  D.  R.,  accelerated  death  rate;  L.  D.  R.,  logarithmic  death  rate. 

If  a  single  bacterial  cell  is  placed  in  a  tube  of  bouillon  or  other 
liquid  medium  considered  favorable,  but  which  is  perhaps  not  entirely 
so,  it  will  not  divide  very  promptly.  There  will  be  at  first  no  division 
at  all,  then  a  slow  rate  of  division,  which,  as  the  organisms  become 
adapted  to  the  medium,  will  increase  until  a  maximum  speed  is  reached. 
Then,  with  the  change  in  environment  brought  about  by  depletion  of 
food  supply  and  accumulation  of  injurious  products,  the  rate  of  multi¬ 
plication  will  again  become  very  slow.  Some  of  the  cells  will  die,  and 
soon  the  death  rate  will  more  than  offset  the  increase  by  reproduction, 
and  the  total  number  of  living  cells  in  the  tube  will  become  fewer  and 
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fewer.  Ultimately  the  culture  will  die  completely.  Probably  such 
fluctuations  in  bacterial  increase  are  constantly  going  on  in  nature  as 
well  as  in  laboratory  cultures.  It  is  doubtful  if  there  are  any  more 
bacteria  on  the  earth  now  than  there  were  thousands  of  years  ago. 

Heredity  and  Variation 

In  the  reproduction  of  bacteria,  as  in  other  forms  of  life,  the  off¬ 
spring  is,  as  a  rule,  essentially  like  the  parent.  This  suggests  the 
presence  in  the  cell  of  the  physiological  equivalent  of  a  nucleus.  It 
sometimes  happens,  however,  that  individuals  appear  which  differ 
rather  strikingly  from  the  parent  strain.  A  somewhat  confusing  array 
of  names  has  been  applied  to  these  different  lines  and  to  the  processes 
by  which  they  come  into  being. 

Involution  Forms. — This  term  has  been  applied  to  bacterial  cells 
that  had  a  normal  appearance  when  they  first  originated  by  division, 
but  which,  with  age  and  maturity,  became  enlarged  and  misshapen — 
often  branched,  sometimes  vacuolate.  It  has  been  supposed  that  such 
cells  were  in  an  unhealthy  state  due  to  some  unfavorable  environmental 
condition,  such  as,  for  example,  an  excess  of  sodium  chloride  in  the 
medium,  but  this  conclusion  has  been  questioned.  Involution  forms 
are  particularly  common  in  the  species  causing  diphtheria  and  Asiatic 
cholera. 

Variation. — This  term  implies  that  the  offspring  differs  distinctly 
from  the  parent  in  one  or  more  characters.  The  products  of  variation 
are  called  “variants.”  Usually  only  one  character  is  involved,  although 
two  kinds  of  variation  may  go  on  simultaneously. 

The  term  variation  covers  a  wide  range  of  departures  from  the 
normal  condition.  Three  kinds  have  been  recognized : 

( 1 )  Changes  in  cell  morphology.  These  include  failure  to  produce 
pigment,  spores,  or  capsules,  formation  of  giant  cells  or  minute  cells, 
cocci  from  rods  or  the  reverse,  unusual  shapes,  and  abnormal  behavior 
toward  Gram  stain  and  acid  fast  stain. 

(2)  Changes  in  physiological  characteristics.  These  include  changes 
in  oxygen  requirements,  the  loss  or  acquisition  of  power  to  ferment 
sugars,  to  produce  toxins,  indol,  or  proteolytic  enzymes,  or  to  cause 
disease,  and  changes  in  adaptability  to  unfavorable  environments. 

(3)  Changes  in  mass  morphology.  Several  kinds  of  colony  varia¬ 
tion  have  been  observed.  The  pneumonia  organism  normally  forms 
round,  smooth,  glistening  colonies.  In  1923,  variants  of  these  were 
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reported  with  dull,  rough  surface  and  irregular  margins.  These  were 
called  R  colonies  in  contrast  with  the  usual  S  or  smooth  colonies.  This 
phenomenon  of  rough  variation  has  since  been  reported  for  many 
species.  Less  frequently  species  with  normally  rough  colonies  give 
rise  to  smooth  variants.  If  post-fission  movements  are  of  the  “slipping” 
type,  the  colony  will  be  smooth;  if  the  cells  adhere  and  buckle  at  the 
point  of  contact  the  colony  will  be  rough. 


Fig.  71.  Rough  and  smooth  colonies  of  Shigella  dysenteriae.  Photograph  fur¬ 
nished  by  Dr.  Stewart  Koser. 


In  a  study  of  a  saprophytic  organism,  Proteus ,  two  German 
workers  noted  two  types  of  colony.  One  was  thin,  filmlike,  and 
spreading,  with  motile  cells;  the  other  was  more  compact,  with  non- 
motile  cells.  These  colony  types  they  called,  respectively,  H  and  O 
colonies.1  M  (mucoid),  G  (gonidial),  and  “medusa  head”  (hairlike) 
variants  have  recently  been  added.  Still  others  are  under  investigation. 

Sometimes  certain  sectors  of  a  colony  are  variants,  showing  that 
the  variation  started  early  in  the  development  of  a  colony  and  the 
variant  forms  developed  together  with  the  original  type. 

1  H,  from  the  German  Hauch ,  meaning  film;  O,  meaning  ohne  Hauch, 
without  film. 
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The  causes  of  variation  have  been  the  subject  of  much  discussion. 
For  the  most  part  variations  have  been  attributed  to  unfavorable  con¬ 
ditions,  although  in  many  cases  these  are  not  evident.  A  better  ex¬ 
planation  may  lie  in  the  distribution  of  the  units  that  correspond  to 
the  genes  of  other  forms  of  life.  The  mechanism  for  the  equal 
distribution  of  these  genes  preparatory  to  cell  division  is  unknown 

and  may  be  crude,  and  an  imperfect  distribution 
between  the  two  daughter  cells  might  bring 
about  differences  in  the  offspring.  Perhaps  even 
more  plausible  is  the  suggestion  that  these  genes 
become  damaged  either  temporarily  or  per¬ 
manently  by  some  unfavorable  condition  and 
fail  to  function  normally  in  inheritance. 

Several  bacteriologists  regard  variants  as 
stages  in  a  normal,  complicated  life  cycle,  which 
may  even  include  a  condition  in  which  no  ordi¬ 
nary  cells  are  recognizable  with  the  micro¬ 
scope. 

As  a  rule  variation  consists  in  a  loss  of 
some  property,  rather  than  a  gain,  but  some¬ 
times  the  reverse  is  true.  Often  the  loss  or 
gain  is  only  partial,  but  sometimes  it  is  com¬ 
plete. 

Many  efforts  have  been  made  to  correlate 
one  variation  with  another.  Thus,  smooth 
colonies  of  disease-producing  species  usually 
have  higher  virulence  (i.e.,  disease-producing  power)  than  rough  ones, 
but  there  are  exceptions. 

There  is  a  strong  tendency  for  variations  to  be  temporary  and  for 
the  organism  to  revert  gradually  to  the  parental  condition.  There 
are  claims  of  permanently  established  variants,  but  they  are  rare 
and  may  not  stand  the  test  of  time. 

The  significance  of  the  phenomenon  of  variation  is  far-reaching. 
It  makes  quite  uncertain  the  dependability  of  bacterial  species  as  we 
now  recognize  them.  Probably  many  of  the  less  known  species  may 
be  based  upon  only  a  variation  in  some  minor  respect.  It  certainly 
is  unwise  to  divide  species  or  establish  new  ones  on  the  basis  of 
characters  that  may  be  but  temporary  variations. 

Impressed  Variations. — This  kind  of  temporary  variation  is  in¬ 
duced  by  subjecting  an  organism  to  an  unusual  environmental  condi- 


Fig.  72.  Variation 
within  a  colony.  After 
the  colony  was  well 
started  variation  started 
in  cells  at  two  points, 
and  these  in  their  sub- 
sequent  development 
formed  sectors  of  dif¬ 
ferent  appearance  from 
that  of  the  parent  colony. 
From  Nirula  in  Annals 
of  Botany. 


HEREDITY  AND  VARIATION 


95 


tion,  with  the  result  that  a  change  will  take  place  which  may  or  may 
not  make  it  better  adapted  to  live  under  the  new  conditions.  It  has 
been  observed  that  the  typhoid  fever  organism,  if  grown  for  a  time 
outside  the  body  on  artificial  culture  media,  may  lose  its  virulence, 
although  it  maintains  vigorous  growth.  By  growing  bacteria  at  a 
temperature  above  or  below  the  optimum  for  that  species,  strains 
can  be  produced  with  an  optimum  more  nearly  that  of  the  unfavorable 
temperature  used — higher  or  lower  as  the  case  may  be.  The  produc¬ 
tion  of  certain  enzymes  is  not  a  constant  quantity  with  bacteria, 
yeasts,  and  molds ;  by  varying  the  culture  medium,  strains  can  be 
produced  that  will  secrete  more  or  less  of  a  given  enzyme.  Strains 
more  tolerant  to  antiseptics  may  sometimes  be  developed.  Thus,  in 
the  sulfite  process  of  manufacturing  glycerine  through  the  fermenta¬ 
tion  of  sugars  by  yeasts,  sodium  sulfide  is  used  to  inhibit  the  action  of 
Lactobacilli  and  other  bacteria.  This  also  inhibits  the  yeast  action 
if  too  much  is  used,  but  if  the  sulfite  dosage  is  gradually  increased, 
strains  of  the  yeast  develop  which  are  much  more  tolerant  to  this 
chemical  than  was  the  original  strain. 

If  the  variant  strain  of  the  microorganism  retains  the  newly  ac¬ 
quired  character  for  a  considerable  time  after  restoration  to  the  normal 
environment,  the  term  impressed  variation  is  more  strictly  applicable 
than  if  the  variant  quickly  returns  to  its  original  condition.  In  the 
latter  case  the  change  may  be  called  reversible  variation ,  or  temporary 
adaptation. 

An  interesting  problem  is  whether  impressed  and  reversible  varia¬ 
tions  are  true  variations,  in  which  the  offspring  is  actually  unlike  the 
parent,  or  whether  we  are  dealing  with  a  mixed  population  of  a  single 
species  in  which  the  environmental  condition  under  consideration  has 
eliminated  those  organisms  that  were  unsuited  and  permitted  the 
perpetuation  of  those  adapted  to  it.  Experiments  with  lines  from 
single  cell  isolations  are  needed  to  settle  this  point  for  each  variant. 

By  selection  from  a  mixed  population  without  changing  the  en¬ 
vironment,  strains  have  been  obtained  which  differ  from  one  another; 
these  have  been  called  variations,  although  by  this  means  the  variant 
is  simply  isolated  from  its  neighbors  rather  than  produced.  Thus, 
cultures  of  a  normally  red  organism,  Serratia  marcescens,  sometimes 
contain  white  individuals  that  may  be  separated  from  the  red  ones, 
yielding  a  colorless  strain ;  and  non-spore-forming  variants  can  be 
obtained  by  selection  from  spore-forming  species. 

The  practical  significance  of  impressed  and  reversible  variation  is 
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far-reaching  in  industrial  microbiology,  for  it  is  sometimes  possible 
to  produce  strains  that  will  do  the  required  work  faster,  or  do  it  under 
less  favorable  conditions  than  the  original  strain. 

Dissociation. — This  term  has  been  proposed  to  cover  the  limited 
field  of  colony  variation,  although  it  is  sometimes  used  for  variation 
in  general.  It  has  been  objected  to  as  both  inappropriate  and  un¬ 
necessary. 

Polymorphism. — This  term  is  used  to  cover  those  morphological 
variations  in  which  round  individuals  appear  in  cultures  of  rod-shaped 
or  spiral  organisms  or,  less  frequently,  rods  appear  in  cultures  of  cocci. 
The  term  pleomorphism  is  generally  used  synonymously  with  poly¬ 
morphism,  but  sometimes  as  the  equivalent  of  transmutation  from  one 
species  to  another — a  phenomenon  widely  accepted  at  one  time  but 
now  quite  generally  abandoned. 

Mutation. — The  term  mutationj  first  used  by  Hugo  DeVries  to 
indicate  a  sudden  and  permanent  change  in  plants,  is  now  widely 
accepted  in  botany  and  zoology  as  a  method  by  which  new  species 
are  formed.  It  is  properly  restricted  to  those  changes  from  the  parent 
that  are  heritable  and  permanent.  Mutation  is  probably  of  rare  oc¬ 
currence  in  the  bacterial  world.  If  it  were  frequent  and  had  long 
been  so,  the  number  of  species  would  be  much  greater  than  it  now  is. 

Bacterial  Life  Cycles 

The  well-known  and  easily  traced  life  cycles  of  certain  species  of 
fungi  and  the  variety  of  forms  often  seen  in  cultures  of  some  species 
of  bacteria  suggest  the  possibility  that  these  different  forms  appear  in 
a  definite  sequence  and  tempt  the  observer  to  arrange  them  in  the 
form  of  complicated  life  cycles. 

Unfortunately,  in  the  conclusions  of  the  half  dozen  chief  workers 
in  this  field  differences  are  more  conspicuous  than  similarities.  Some 
give  emphasis  to  sexual  stages  and  some  deny  their  existence.  At 
least  two  include  in  the  life  cycles  a  “symplastic”  stage  during  which 
the  organism  takes  on  an  amorphous  form  in  which  no  cellular  struc¬ 
ture  can  be  seen.  These  differences  of  opinion  are  not  surprising,  for 
the  organisms  are  small  and  the  individuals  are  densely  crowded 
together  in  all  forms  and  stages,  so  that  the  sequence  of  events,  which 
can  rarely  be  actually  observed,  becomes  largely  a  matter  of  interpreta¬ 
tion.  Furthermore,  non-living  materials  seem  sometimes  to  have  been 
included  in  the  life  cycles. 
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There  can  be  no  doubt  that  polymorphism  is  of  widespread  occurrence 
in  the  bacterial  world,  and  the  subject  merits  the  most  serious  investiga¬ 
tion  ;  but  we  do  not  as  yet  have  sufficient  information  to  agree  on  the 
details  of  bacterial  life  cycles. 


Fig.  73.  Different  cell  forms  of  Rhizobium  arranged  in  a  life  cycle.  From 
A  System  of  Bacteriology,  Vol.  Ill,  by  W.  Bulloch  et  al.  Published  by  His 
Majesty’s  Office,  London. 


Review  Questions 

1.  In  what  respects  are  fission  and  constriction  alike?  State  the  dif¬ 

ference  in  meaning  of  the  two  terms. 

2.  Explain  how  the  daughter  cells  of  some  species  separate  immediately 

following  division,  while  in  other  species  they  remain  united  and 
thus  form  a  filament. 

3.  Describe  the  post-fission  movements  that  take  place  following  cell 

division  in  bacteria. 

4.  What  are  plasmodesmids? 

5.  How  many  planes  of  division  may  there  be  in  each  of  the  following: 

(a)  straight  rods,  ( b )  spherical  cells,  ( c )  spiral  cells? 

6.  If  the  cells  remain  united  after  division,  what  kind  of  a  group  results 

from  each  of  the  following:  ( a )  division  in  one  plane,  ( b )  division 
in  two  planes,  ( c )  division  in  three  planes? 
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7.  Describe  the  planes  of  division  in  the  genus  Staphylococcus . 

8.  What  are  gonidia?  In  what  order  of  Schizomycetes  are  they  most 

commonly  found? 

9.  What  is  the  evidence  that  conjugation  does  not  occur  in  bacteria? 

10.  What  is  the  relation  of  the  direction  of  cell  enlargement  to  the  plane 

of  most  recent  division? 

11.  Draw  and  label  two  representative  growth  curves,  one  showing  the 

changes  in  number  of  living  cells  as  time  goes  on,  the  other  showing 
the  changes  in  total  number  of  cells  living  and  dead. 

12.  What  is  meant  by  “involution  forms  ’? 

13.  What  do  we  mean  by  “variants”  among  bacteria? 

14.  Name  and  describe  a  kind  of  variation  ( a )  in  physiology,  ( b )  in  cell 

morphology,  (c)  in  mass  morphology. 

15.  Explain  how  sector  variation  takes  place  in  a  colony.  What  is  the 

difference  between  variation  and  mutation? 

16.  What  is  meant  by  “symplasm”  or  a  “symplastic  stage”  in  bacterial  de¬ 

velopment? 

17.  Why  is  it  so  much  more  difficult  to  trace  life  cycles  in  bacteria  than  in 

fungi  such  as  rusts? 


CHAPTER  VIII 


THE  NUTRITION  OF  BACTERIA 

Simple  forms  of  life  though  they  are,  bacteria  are  capable  of  utilizing 
for  food  a  wide  variety  of  substances — in  fact  nearly  all  kinds  of  organic 
material  found  in  plant  and  animal  bodies  and  many  inorganic  compounds 
as  well.  This  does  not  imply  that  any  one  species  can  utilize  all  these 
different  things,  but  rather  that  some  species  use  certain  kinds  and  others 
partly  the  same  and  partly  different  kinds. 

It  should  be  realized  that  bacteria,  like  other  forms  of  life,  have 
two  uses  for  food :  ( i )  to  supply  material  for  growth  and  repair ;  and 

(2)  to  supply  energy  for  the  needs  of  the  organism,  this  energy  having 
been  stored  in  the  food  as  chemical  energy  to  be  released  by  oxidation 
when  required. 

Intake  of  Food. — The  only  way  in  which  bacteria  can  take  food  into 
their  bodies  is  by  absorbing  it  in  solution  from  liquids  surrounding  them. 
If  they  are  in  a  dry  place  no  food  can  be  absorbed  and  their  activities 
cease.  When,  however,  they  are  in  moist  or  liquid  material  such  as 
milk,  water,  or  even  moist  soil,  or  the  tissues  of  a  plant  or  animal  body, 
they  find  conditions  right  for  food  absorption.  Dissolved  food  is  absorbed 
through  the  semipermeable  membranes  of  the  cells. 

Certain  substances,  such  as  simple  sugars  and  inorganic  salts  that  are 
soluble  in  water,  are  absorbed  without  change.  Others,  however,  such 
as  starches,  fats,  and  some  kinds  of  protein,  are  insoluble  and  are  changed 
into  soluble  substances  through  the  action  of  bacterial  enzymes,  as  de¬ 
scribed  later  in  this  chapter. 

Food  Requirements  of  Bacteria 

The  chemical  elements  required  by  bacteria  are  pretty  much  the  same 
as  those  required  by  other  plants  and  animals.  The  elements  used  in 
greatest  quantity  are  carbon,  hydrogen,  oxygen,  and  nitrogen;  but 
phosphorus,  sulfur,  potassium,  iron,  sodium,  calcium,  magnesium,  and 
chlorine  are  used  also. 
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With  the  exception  of  oxygen  these  elements  are  not  usable  in  the 
free  or  elemental  state  1  but  are  taken  from  compounds.  The  more  com¬ 
mon  species  can  get  their  carbon  and  nitrogen  from  carbohydrates  and 
proteins  respectively,  while  others  use  different  compounds.  In  all  cases 
the  materials  absorbed  must  be  synthesized  into  protoplasmic  substances 
such  as  proteins,  lipids,  etc. — a  procedure  which  requires  a  supply  of 
energy  for  its  accomplishment. 

The  supplying  of  energy  for  bacterial  life  involves  two  different 
processes :  ( i )  the  acquisition  of  one  or  more  chemical  substances,  such 
as  sugars  and  fats,  possessing  chemical  energy  that  can  be  released  with¬ 
out  great  difficulty,  and  (2)  the  release  of  this  energy  by  oxidation.  The 
second  of  these  processes  is  respiration  and  is  common  to  all  forms  of 
life — plant  and  animal. 

Nutritional  Grouping  of  Bacteria 

The  kinds  of  bacteria  that  now  live  on  the  earth  differ  greatly  one 
from  another  in  their  food  requirements,  particularly  as  to  the  sources 
of  carbon  and  nitrogen  and  the  substances  that  can  be  oxidized  for  the 
release  of  energy.  One  convenient  way  of  grouping  bacteria  is  into 
autotrophic ,  saprophytic ,  and  parasitic  species. 

Autotrophic  Bacteria. — It  seems  probable  that  millions  of  years  ago, 
when  the  first  primitive  bacteria  2  appeared  on  the  earth,  few  or  no  other 
forms  of  life  were  present,  and  consequently  little  or  no  organic  matter 
was  available  for  food.  It  is  obvious  that  this  first  living  substance  had 
to  subsist  on  inorganic  food  and  obtain  energy  from  it.  Forms  of  life 
which  are  able  to  do  this  are  called  autotrophic.  The  inorganic  sub¬ 
stances  that  various  kinds  of  bacteria  are  known  to  oxidize  include 
ammonia,  nitrites,  hydrogen  sulfide,  sulfur,  and  ferrous  compounds. 
Also,  a  few  species  can  oxidize  hydrogen  and  a  few  others  carbon 
monoxide.  Most  of  these  substances  appear  to  have  been  dissolved  in 
the  sea  water  where  primitive  bacteria  came  into  being.  Carbon  dioxide 
and  perhaps  carbon  monoxide  were  probably  the  sources  of  carbon. 

Based  on  the  source  of  the  energy  used  for  the  synthesis  of  simple 
compounds  or  elements  into  more  complex  ones,  we  recognize  photos yn- 
thetic  and  chemosynthetic  plants. 

Photosynthetic  plants  include  most  of  the  higher  forms  and  the  ferns, 

1  Free  nitrogen  can  be  used  by  only  about  a  dozen  species  of  bacteria 
belonging  chiefly  to  two  genera. 

2  The  most  primitive  forms  of  life  now  in  existence  are  certain  kinds 
of  bacteria.  Doubtless  they  differ  somewhat  from  the  first  life  that  appeared 
on  the  earth,  but  they  have  considerable  in  common  with  it. 
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mosses,  and  algae.  In  the  process  of  photosynthesis  these  plants,  with 
the  aid  of  their  chlorophyll,  utilize  the  energy  of  light  to  combine  carbon 
dioxide  and  water  into  some  form  of  carbohydrate.  A  few  of  the 
Thiobacteriales  do  this  with  the  aid  of  a  green  pigment,  bacterio- 
chlorophyll,  which  is  one  of  the  constituents  of  bacteriopurpurin  and 
performs  a  function  similar  to  that  of  chlorophyll.  It  is  doubtful  if  the 
most  primitive  bacteria  could  carry  on  photosynthesis,  as  both  chlorophyll 
and  bacteriochlorophyll  seem  to  have  been  products  of  evolution.  It  is 
conceivable  that  a  simple  form  of  photosynthesis  not  requiring  these  pig¬ 
ments  may  have  been  used  by  the  earliest  forms  of  life. 

Chemosynthetic  plants,  most  of  which  are  bacteria,  appear  to  be  the 
most  primitive  of  any  now  in  existence.  By  the  oxidation  of  such  simple 
inorganic  compounds  as  those  mentioned  above,  they  obtain  the  energy 
by  which  carbon  dioxide  is  broken  up  and  combined  with  other  simple 
inorganic  compounds  to  produce  the  various  constituents  of  protoplasm. 

While  the  number  of  species  of  autotrophic  bacteria  is  small,  the 
number  of  individuals  is  tremendous,  and  they  are  widely  distributed  in 
the  soil,  where  they  contribute  greatly  to  its  fertility  (as  shown  in 
Chapter  XIII). 

Saprophytic  Bacteria. — The  great  majority  of  bacterial  species 
obtain  most  of  their  food  from  non-living  organic  materials — plant  and 
animal  bodies  and  their  secretions  and  excretions.  In  addition,  most  of 
them  make  use  of  some  inorganic  compounds  such  as  ammonia,  nitrates, 
chlorides,  phosphates,  and  sulfates. 

The  organic  compounds,  carbohydrates,  fats,  and  proteins,  supple¬ 
mented  by  a  few  inorganic  salts,  are  easily  utilized  by  saprophytes  to 
supply  materials  for  growth  and  for  the  energy  required  in  synthesis  of 
cell  substance.  Some  of  this  material,  such  as  dextrose,  is  ready  for  use 
without  preliminary  treatment.  Other  kinds,  such  as  starches  and  fats, 
have  to  be  digested  as  described  below.  Practically  all 1  culture  media 
consist  of  combinations  of  organic  and  inorganic  foods  for  saprophytes 
and  facultative  parasites ,  i.e.,  organisms  that  can  grow  either  saprophyti- 
cally  or  parasitically. 

Parasitic  Bacteria. — Some  bacteria  have  evolved  the  parasitic  habit 
— i.e.,  they  have  developed  the  ability  to  live  intimately  associated  with 
the  living  cells  of  an  organism  of  a  different  species,  usually  a  higher 

1  The  two  exceptions  are  tissue  cultures,  in  which  bits  of  living  tissue  are 
kept  alive  by  suitable  means  and  furnish  food  for  parasitic  bacteria,  and 
some  synthetic  media  containing  no  organic  compounds,  the  hardening  agent, 
if  one  is  used,  being  silicate  jelly  (silicic  acid).  The  latter  media  are  used 
for  autotrophic  bacteria. 
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animal  or  plant,  and  to  take  nourishment  from  them.  These  kinds  of 
bacteria  commonly  cause  disease,  and  if  so  they  are  also  called  pathogenic. 

Strict  parasites  are  those  that  cannot  multiply  except  within  the  cells 
or  fluids  of  a  living  host.  They  will  not  grow  in  a  culture  medium 
unless  it  contains  living  tissue.  Strict  parasites  are  very  few  among  the 
true  bacteria,  exclusive  of  the  Rickettsias  and  filterable  viruses  (see 
Chapter  XXIV).  One  of  the  few  bacterial  species  which  appear  to  be 
strictly  parasitic  is  that  which  causes  leprosy.1 

Facultative  parasites  are  those  that  can  multiply  either  within  the 
cells  or  fluids  of  a  suitable  host  or  in  non-living  substances  such  as  are 
found  in  culture  media.2 

Bacterial  parasitism  was  once  supposed  to  be  restricted  to  man  and 
the  higher  animals,  but  now  more  than  one  hundred  species  are  known 
that  are  parasitic  on  plants,  some  of  them  causing  destructive  diseases 
such  as  fire  blight  of  apple  and  pear  trees. 

Prototrophic,  Metatrophic,  and  Paratrophic  Bacteria. — Some 
authorities  use  the  term  prototrophic  for  those  bacteria  that  can  live 
without  organic  food,  i.e.,  the  autotrophic  species.  Some  of  these, 
indeed,  find  the  presence  of  organic  matter  such  as  sugars  3  and  gelatin 
unfavorable  for  their  development.  In  the  same  grouping  the  saprophy¬ 
tic  bacteria  are  called  metatrophic ,  and  the  parasitic  bacteria  are  called 
paratrophic.  While  there  is  considerable  overlapping  among  these 
three  groups,  in  that  most  bacteria  can  obtain  their  food  in  more  than 
one  way,  the  terms  are  convenient  and  widely  used  where  sharp 
distinctions  are  not  required. 

Nutritional  Grouping  vs.  Relationship. — For  convenience  it  is 
often  desirable  to  group  living  things  in  ways  that  have  little  to  do 

1  Several  workers  claim  to  have  grown  the  leprosy  organism  in  media 
containing  some  form  of  partly  digested  protein,  but  it  is  uncertain  whether 
any  one  of  these  organisms  was  the  real  cause  of  leprosy. 

2  Some  authorities  restrict  the  term  to  those  species  that  are  normally 
saprophytes  and  only  exceptionally  attack  a  host,  usually  one  that  is  weakened 
by  some  abnormal  condition.  The  difficulty  with  this  distinction  lies  in  the 
fact  that  there  is  every  gradation  between  strict  saprophytes  and  strict 
parasites. 

3  An  interesting  explanation  has  been  offered  for  the  sensitiveness  of 
certain  prototrophic  bacteria  to  dextrose,  which  is  a  good  food  for  many 
kinds  of  animals  and  plants,  including  bacteria.  In  the  utilization  of  dextrose 
by  many  kinds  of  bacteria,  hydrogen  peroxide  is  formed,  which  would  be 
injurious  but  for  the  fact  that  the  bacteria  also  produce  an  enzyme,  catalase, 
which  changes  it  to  water  and  oxygen.  These  prototrophic  bacteria  cannot 
do  this  and  are  therefore  injured,  not  by  the  dextrose  as  such  but  by  the 
hydrogen  peroxide  which  they  were  unable  to  destroy. 
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with  actual  relationship.  Thus  “carnivorous”  animals  may  be  mammals, 
birds,  fishes,  or  insects;  “parasitic”  plants  may  be  flowering  plants, 
fungi,  or  bacteria;  and  “aquatic”  plants  include  representatives  of  all 
four  plant  divisions.  Assuming  that  the  system  of  classification  of 
bacteria  used  in  this  book  is,  for  the  most  part,  phylogenetic,  it  should 
be  noted  that  the  grouping  given  above  does  not  correspond  with 
phylogenetic  relationships.  Probably  some  of  the  autotrophic  bacteria 
are  actually  primitive  in  that  they  have  changed  relatively  little  from 
the  ancestral  condition,  while  others  have  come  from  ancestors  that 
were  saprophytic.  Some  are  included  in  the  Eubacteriales,  some  in  the 
Chlamydobacteriales,  and  some  in  the  Thiobacteriales. 

Origin  of  Saprophytism. — It  seems  probable  that,  as  there  was 
little  or  no  organic  food  on  the  earth  when  the  first  bacteria  came  into 
existence,  these  must  all  have  been  autotrophic.  With  the  passage 
of  time  other  kinds  of  plants  and  animals  came  into  being,  lived  their 
lives,  and  died,  leaving  a  supply  of  organic  matter.  Some  of  the 
autophytes  could  not  adapt  themselves  by  evolutionary  changes  to  the 
use  of  this  organic  food  and  remained  autophytes  as  we  have  them 
today.  Others,  however,  did  undergo  such  evolutionary  changes.  They 
acquired  the  ability  to  produce  digestive  enzymes,  underwent  other 
less  obvious  changes,  and  became  saprophytes,  still  however,  making 
use  of  some  inorganic  salts. 

Origin  of  Parasitism. — Probably  there  was  a  time  when  both  auto¬ 
phytes  and  saprophytes  existed  but  there  were  no  parasites.  Parasitism 
undoubtedly  came  about  through  evolutionary  changes  from  sapro¬ 
phytism.  Such  changes  probably  took  place  repeatedly,  separated  by  long 
intervals  of  time.  The  steps  in  this  evolution  are  not  known,  but  very 
likely  they  included  the  following  events. 

In  the  parasitism  of  plants  certain  saprophytic  bacteria,  having  been 
introduced  into  wounds,  stomata,  water  pores,  nectaries,  etc.,  were  able 
to  survive  there  and  pass  through  evolutionary  changes  that  enabled  them 
to  live  and  multiply  in  their  new  environment  and  penetrate  deeper  into 
their  hosts.  Thus  they  became  plant  pathogens. 

Most  bacteria  that  cause  diseases  of  plants  are  placed  in  two  genera, 
Phytomonas,  rods  with  polar  flagella  or  none — the  former,  at  least, 
probably  related  to  Pseudomonas — and  Erwinia,  rods  with  peritrichic 
flagella,  some  species  of  which  are  probably  related  to  Aerobacter  or 
Escherichia. 

In  animals,  it  is  logical  to  assume  at  least  three  methods  by  which 
parasitism  originated  :  ( 1 )  that  saprophytes,  accidentally  introduced  into 
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wounds,  evolved  into  wound  parasites;  (2)  that  saprophytes  of  the  in¬ 
testinal  contents  evolved  into  parasites  such  as  those  that  cause  typhoid 
fever,  dysentery,  and  Asiatic  cholera;  and  (3)  that  saprophytes  drawn 
into  the  respiratory  tract  evolved  into  parasites  such  as  those  that  cause 
pneumonia  and  perhaps  tuberculosis. 

In  the  most  highly  developed  form  of  parasitism,  such  as  that  of  the 
protozoan  Gregarena  melanopli  in  the  grasshopper  or  of  Trypanosoma 
lewisi  in  the  rat,  the  parasite  obtains  the  full  benefit  of  a  parasitic  life 
without  doing  serious  damage  to  the  host,  leaving  it  alive  to  support  the 
parasite. 

Production  and  Use  of  Enzymes 

It  seems  rather  remarkable  that  these  lowly  organisms  have  evolved 
the  power  to  produce  enzymes  corresponding  closely  to  most  of  those 
produced  by  other  kinds  of  plants  and  animals,  including  man.  These 
enzymes  must  be  thought  of  as  products  absolutely  necessary  to  the  life 
of  the  organisms. 

Formation  and  Properties  of  Enzymes. — Enzymes  are  secretion 
products  formed  within  the  cells  by  the  living  protoplasm.  Some  of  them 
remain  within  the  cell  during  its  lifetime  and  are  called  intracellular 
enzymes  or  endoenzymes.  Others  diffuse  through  the  cell  membranes 
into  the  surrounding  medium  and  are  called  extracellular  enzymes  or 
exoenzymes.  In  some  cases  the  secretion  from  the  cell  is  not  the  true 
enzyme  but  a  proenzyme  or  zymogen ,  which  is  changed  into  the  true 
enzyme  after  it  leaves  the  cell. 

Enzymes  are  often  called  “organic  catalysts.”  Their  exact  composi¬ 
tion  is  unknown,  in  most  instances,  but  they  are  probably  not  so  closely 
related  to  the  proteins  as  was  once  supposed,  except  in  certain  definite 
cases.  It  is  believed  by  some  that  enzymes  generally  consist  of  colloidal 
particles,  each  made  up  of  a  protein  with  an  active  substance  adsorbed 
to  its  surface,  but  a  few  are  relatively  simple.  They  have  two  important 
properties.  ( 1 )  They  accelerate,  and  a  few  of  them  initiate,  chemical 
change.  They  themselves  do  not  undergo  permanent  change  so  as  to 
enter  into  the  composition  of  the  resulting  products,  although  they  may 
enter  into  temporary  and  unstable  union  with  the  substance  acted  upon. 
Thus  they  retain  their  own  identity,  and,  remaining  active,  can  act 
upon  materials  exceeding  many  times  their  own  weight  or  volume  with¬ 
out  themselves  being  used  up.  For  example,  invertase  can  hvdrolyze 
more  than  a  million  times  its  weight  of  cane  sugar  and  still  remain 
active.  (2)  Their  action  is  specific,  i.e.,  each  enzyme  acts  on  only  one 
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kind  of  substance  or  closely  related  group  of  substances,  with  the  forma¬ 
tion  of  definite  products.  For  example,  pepsin  attacks  only  the  proteins, 
with  the  formation  of  only  proteoses  and  peptones. 

Probably  some  kinds  of  enzymes,  such  as  oxidases,  are  produced  by 
all  living  things  and  aid  in  their  respiration.  Others  are  produced  only 
by  certain  species. 

The  best  known  of  the  enzymatic  changes  are  analytic ,  resulting  in 
products  chemically  simpler  than  the  substance  destroyed.  Others,  how¬ 
ever,  are  synthetic  and  thus  aid  in  building  up  more  complex  substances, 
even  protoplasm  itself. 

Nomenclature  and  Classification  of  Enzymes. — In  the  naming  of 
enzymes  no  system  was  followed  for  the  first  few  that  were  discovered, 
but  the  ending  -ase  is  now  quite  generally  applied  as  a  suffix  to  the  name 
of  the  material  affected,  as  maltase,  gelatinase,  urease,  inulase,  etc.  This 
method  of  naming  is  complicated  by  the  fact  that  different  kinds  of 
enzymes  may  act  on  the  same  substance  with  the  formation  of  different 
products.  From  glucose,  alcohol  may  be  formed,  or  glycerol,  or  lactic 
acid,  or  oxalic  acid.  Enzymes  cannot  be  classified  by  their  appearance, 
for  we  do  not  know  what  they  look  like  in  a  pure  state ;  neither  can  they 
be  classified  by  their  chemical  composition  until  we  learn  it  more  definitely 
for  each  one.  There  are  in  common  use  two  methods  of  classifying 
enzymes.  One  is  based  on  the  kind  of  substance  acted  upon — carbo¬ 
hydrates,  fats,  proteins,  etc.;  the  other,  on  the  way  in  which  chemical 
change  is  brought  about — hydrolysis,  oxidation,  reduction,  etc. 

Several  elaborate  classifications  of  enzymes  have  been  proposed  which 
need  not  be  considered  in  detail  here.  Certain  groups  and  specific 
enzymes  are,  however,  highly  important  in  the  study  of  bacteriology, 
for  it  is  by  their  action  that  bacteria  bring  about  most  of  the  chemical 
changes  that  make  life  possible  for  them  and  the  subject  of  bacteriology 
economically  important  to  us. 

On  the  basis  of  the  nature  of  the  chemical  change  brought  about  by 
the  enzyme,  two  main  classes  may  be  distinguished :  ( 1 )  hydrolases,  that 
promote  hydrolysis,  and  (2)  oxidases  (including  reductases),  that  pro¬ 
mote  oxidation  and  reduction.1 

The  following  partial  classification  of  enzymes  will,  perhaps,  serve 
better  here  than  a  more  complete  and  elaborate  one. 

1.  The  hydrolytic  group  includes  enzymes  that  cause  one  or  more 

1  It  should  be  understood  that  there  is  a  close  relationship  between  oxida¬ 
tion  and  reduction.  If  one  substance  is  oxidized  another  is  correspondingly 
reduced,  but  if  the  first  substance  is  reduced  the  second  is  oxidized. 
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molecules  of  water  to  combine  with  each  molecule  of  substance,  such  as 
starch,  with  the  formation  of  new  substances.  Most  of  the  amylolytic 
and  proteolytic  enzymes  bring  about  their  changes  by  hydrolysis,  making 
this  a  very  large  group. 

(i)  The  amylolytic  group  (carbohydrases)  consists  of  enzymes  that 
hydrolyze  complex  carbohydrates  into  simpler  ones. 

( a )  Diastase  (amylase,  ptyalin).  This  enzyme,  which  varies  slightly 
depending  on  the  source,  hydrolyzes  starch  to  maltose. 

2  ( CgHioOg )  -f  nH20  — > 

Starch  Maltose 


Fig.  74.  Demonstration  of  starch  hydrolysis.  Starch  agar  was  poured  into  a 
plate  and  solidified.  The  plate  was  then  streaked  with  two  species  of  bacteria. 
After  incubating  for  five  days  a  solution  of  iodine  was  poured  over  the  surface. 
Where  the  starch  had  been  hydrolyzed  by  diastase  diffusing  from  Bacillus  subtilis 
(below)  no  blue  color  appeared.  The  remainder  of  the  plate,  including  that 
around  Sarcina  lutea  (above),  gave  the  starch  test. 

Diastase  is  produced  by  germinating  seeds,  by  many  fungi,  and  by  some 
bacteria,  but  not  by  the  true  yeasts. 

( b )  Cellulase  is  an  enzyme  which  converts  cellulose  into  the  sugar, 
cellobiose,  by  a  reaction  similar  to  that  given  above  for  the  destruction 
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of  starch,  as  cellulose  has  the  same  empirical  formula  as  starch.  Cellulase 
is  produced  by  many  fungi  but  by  only  a  few  kinds  of  bacteria,  chiefly 
those  in  the  genus  Cellulomonas,  and  also  by  some  species  of  Clostridium. 
Both  diastase  and  cellulase  are  exoenzymes. 

( c )  Disaccharidases.  These  related  enzymes  change  disaccharides 
into  monosaccharides.  The  action  of  maltase,  for  example,  is  given 
below : 

C12H22O11  +  HoO  — >  2C6H1206 

Maltose  Dextrose 

Invertase 1  likewise  converts  sucrose  into  glucose  and  fructose,  and 
lactase  converts  lactose  into  glucose  and  galactose.  Disaccharidases  are 
produced  by  many  species  of  fungi,  yeasts,  and  bacteria.  They  are 
exoenzymes. 

(2)  The  lipolytic  group  (steatolytic  group)  includes  the  exoenzymes 
that  hydrolyze  fats,  esters,  etc.  There  are  about  a  dozen  members  in 
the  group.  Lipases  hydrolyze  fats  into  fatty  acids  and  glycerol.  Com¬ 
paratively  few  kinds  of  bacteria  produce  lipase,  but  when  sufficient 
water  occurs  in  fats  and  oils  to  support  bacterial  life,  fats  are  hydrolyzed 
by  certain  species  of  bacteria.  The  keeping  quality  of  fats  is  largely  due 
to  their  dryness. 

(3)  The  proteolytic  group  includes  extracellular  enzymes  that  hy¬ 
drolyze  proteins  and  related  substances.  Best  known  of  these  are  pepsin 
and  trypsin,  so  important  in  animal  digestion.  No  bacteria  are  known  to 
produce  pepsin.  The  proteases  produced  by  many  kinds  of  bacteria  and 
fungi  are  similar  in  action  to  trypsin. 

Gelatinase,  which  hydrolyzes  and  liquefies  gelatin  if  the  latter  is 
mixed  with  water  to  form  a  gel,  is  produced  by  many  bacteria  and  fungi. 

Rennin  hydrolyzes  the  casein  of  milk,  forming  paracasein,  which  com¬ 
bines  with  calcium  to  form  a  precipitate.  This  enzyme  is  produced 
abundantly  by  the  stomachs  of  young  mammals  such  as  pigs,  sheep,  and 
calves.  Some  kinds  of  bacteria  can  produce  it  also. 

2.  The  oxidizing  group  includes  enzymes  that  promote  the  addition 
of  oxygen  to  other  substances.  This  is  a  very  important  group  of 
enzymes  which  play  a  part  in  the  respiration  of  all  living  things.  The 
action  of  oxidizing  enzymes  is  easily  demonstrated  by  cutting  open  an 
apple  and  noting  the  browning  which  results  from  the  rapid  oxidation 
when  the  cut  surface  is  exposed  to  the  air. 

1  The  term  “invertase”  is  used  by  some  authorities  to  include  maltase, 
lactase,  and  other  disaccharidases.  This  use  should  be  discouraged. 
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Dehydrogenases  are  oxidizing  enzymes,  in  the  sense  that  they  func¬ 
tion  by  removing  hydrogen  from  organic  compounds.  This  hydrogen 
may  later  be  combined  with  oxygen  to  form  water  by  aerobic  bacteria. 

( 1 )  Alcoholoxidase  is  the  important  enzyme  that  oxidizes  the  alcohol 
produced  by  yeasts  to  the  acetic  acid  of  vinegar.  It  is  produced  chiefly 
by  bacteria  of  the  genus  Acetobactcr.  There  is  some  evidence  that  this 
is  a  group  of  enzymes  rather  than  a  single  one. 

(2)  Zymases  are  endoenzymes  that  change  glucose  and  other  monosac¬ 
charides  into  ethyl  alcohol  and  carbon  dioxide.1 

c6h12o6  -»  2C2H5OH  +  2C02 

Dextrose  Alcohol 

Zymase  is  produced  freely  by  yeasts  and  by  some  molds,  but  rarely,  if 
ever,  by  bacteria. 

(3)  Other  enzymes.  In  general  the  formation  of  organic  acids, 
such  as  acetic,  lactic,  and  propionic,  is  brought  about  by  enzymes  of  the 
oxidizing  group.  In  the  lactic  fermentation  of  dextrose,  for  example, 
it  is  probable  that  several  enzymes  take  part,  and  the  process  involves  a 
number  of  steps.  In  simplified  form  it  is  as  follows : 

CH2OH  •  (CHOH)4  •  CHO  ->  2CH3  •  CHOH  •  COOH 

Dextrose  Lactic  Acid 

A  comparison  of  the  enzymatic  action  of  microorganisms  with  that  of 
higher  animals  will  show  that  there  is  much  in  common.  Microorganisms 
need  to  digest  their  solid  foods  and  alter  the  soluble  ones  just  as  do 
animals.  In  effect,  the  decay  brought  about  by  bacteria  and  molds  is 
quite  comparable  to  the  digestion  that  takes  place  in  the  alimentary  tract. 

Bacterial  Respiration 

All  living  things  require  oxygen  in  their  metabolism.  Part  of  it 
enters  into  the  composition  of  protoplasm  and  other  constituents  of  the 
body,  and  part  combines  with  carbon,  hydrogen,  and  sometimes  other 
elements  or  compounds,  with  the  release  of  chemical  energy.  The  pro¬ 
ducts  of  this  union  generally  include  carbon  dioxide  and  water. 

What  Is  Respiration? — Our  conceptions  of  respiration  have  under¬ 
gone  several  changes.  The  term  was  first  used  as  synonymous  with 
breathing  in  man  and  the  higher  animals.  But  breathing  is  only  the 
mechanical  process  of  drawing  air  into  the  lungs  and  expelling  it.  With 

1  In  this  change,  as  in  most  others  brought  about  by  enzymes,  the  process 
actually  takes  place  in  several  steps  rather  than  in  the  simple  way  shown 
here,  which  merely  gives  the  final  products. 


BACTERIAL  RESPIRATION 


109 


the  knowledge  that  oxygen  is  taken  from  the  air  and  combined  with  food 
substances  in  the  body,  forming  carbon  dioxide  and  water  and  releasing 
energy,  and  with  the  discovery  that  plants  likewise  do  this,  a  sharp  dis¬ 
tinction  is  made  between  the  terms  “breathing”  and  “respiration.”  With 
the  added  information  that  this  release  of  energy  may  be  accomplished 
by  a  rearrangement  of  carbon  atoms  in  the  food  molecule  without  the 
addition  of  free  oxygen,  our  present  conception  of  respiration  is  about  as 
follows:  “Respiration  is  any  oxidative  change  whereby  energy  is  released 
for  life  processes.”  Some  would  prefer  to  replace  it  by  the  term  “dis¬ 
similation,”  which  is  the  breaking  down  of  any  substance  in  a  living  cell 
with  the  release  of  energy. 

Source  of  Oxygen. — For  many  centuries  it  has  been  known  that  air 
is  necessary  for  the  life  of  man  and  the  higher  animals.  After  the  dis¬ 
covery  of  oxygen  was  reported  by  Priestley  in  1774,  it  was  soon  found 
that  this  was  the  element  of  the  air  used  in  respiration.  Up  to  the  middle 
of  the  nineteenth  century  it  was  supposed  that  oxygen  had  to  be  in  the 
free  or  elemental  state  to  be  useful  in  respiration.  In  1861  Pasteur  dis¬ 
covered,  to  his  own  surprise  and  that  of  the  rest  of  the  world,  that  certain 
kinds  of  bacteria  could  develop  and  carry  on  butyric  fermentation  in  the 
absence  of  free  oxygen.  Since  Pasteur’s  time  our  knowledge  of  this  phe¬ 
nomenon  of  anaerobiosis  has  been  greatly  extended. 

As  a  result  of  these  studies,  bacteria  may  be  grouped,  on  the  basis  of 
their  oxygen  requirements,  as  follows:  (1)  Aerobes  are  those  which  re¬ 
quire  oxygen  in  the  free  state.  (2)  Anaerobes  are  those  which  require 
oxygen  in  combined  form,  as  in  a  sugar.  Growth  of  obligate  anaerobes 
is  inhibited  in  the  presence  of  free  oxygen.  There  is  evidence  that  such 
anaerobic  bacteria  are  not  injured  by  the  free  oxygen  itself,  but  by  the 
hydrogen  peroxide  which  they  form  in  the  presence  of  oxygen.  Other 
bacteria  produce  the  enzyme,  catalase,  that  decomposes  hydrogen  per¬ 
oxide  into  water  and  oxygen;  obligate  anaerobes  cannot  do  this.  (3) 
Facultative  anaerobes  can  use  oxygen  in  the  free  state  if  it  is  available, 
or  they  can  use  it  in  the  combined  state  as  do  strict  anaerobes.  (4) 
Microaerophiles  are  organisms  that  use  free  oxygen,  although  their 
growth  is  inhibited  by  the  full  oxygen  content  of  the  atmosphere.  In 
a  stab  culture  made  in  nutrient  agar  they  grow  best  at  some  distance 
below  the  surface,  where  the  oxygen  tension  is  low. 

We  must,  then,  recognize  three  kinds  of  respiration.  ( 1 )  Aerobic 
respiration — the  kind  found  in  most  animals  and  plants.  (2)  Inter- 
molecular  anaerobic  respiration,  which  may  take  place  in  either  of 
two  ways.  Oxygen  may  be  removed  from  one  compound,  an  oxygen 
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donator,  and  added  to  another,  an  oxygen  receptor,  as  when  a  nitrate 
is  reduced  to  a  nitrite  and  the  oxygen  thus  released  is  combined  with 
sulfur  and  water  or  thiosulfate  to  form  sulfuric  acid.  Stated  more 
technically,  an  oxygen  donator  such  as  a  nitrate  may  yield  oxygen, 
which  unites  with  an  oxygen  acceptor  such  as  a  thiosulfate.  By  another 
method  one  compound,  a  hydrogen  donator,  is  oxidized  by  removal  of 


Fig.  75.  Agar-shake  cultures  made  by  adding  a  few  bacteria  of  different 
kinds  to  melted  agar,  which  was  then  mixed  and  solidified.  Colonies  developed 
where  oxygen  conditions  were  most  satisfactory  for  each  species.  Diagrammatic. 

hydrogen,  while  another  compound  serves  as  a  hydrogen  acceptor,  and  is 
reduced.  Reduction  of  the  hydrogen  acceptor  may  involve  loss  of  oxygen, 
with  formation  of  water.  (3)  Intramolecular  anaerobic  respiration,  in 
which  an  organic  compound  such  as  dextrose  is  broken  down  with 
a  partial  release  of  energy  and  the  formation  of  one  or  more  new  com¬ 
pounds  capable  of  being  oxidized  further.  The  formation  of  ethyl 
alcohol  from  dextrose  is  an  example. 

C6H1206  — >  2C2H5OH  T  2CO2 

Dextrose  Alcohol 
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Another  is  the  formation  of  lactic  acid  from  dextrose 

CeH1206  —>  2C3H0O3 

Dextrose  Lactic  acid 

The  complicated  series  of  reactions  in  the  anaerobic  decomposition  of 
carbohydrates  includes  oxidations  of  both  the  second  and  the  third  types. 

2CH3  •  CHO  +  H20  ->  CH3  •  COOH  +  C2H5OH 

Respiration  in  Autotrophic  (Prototrophic)  Species. — Thus  far 
this  discussion  of  respiration  has  emphasized  the  release  of  energy  by  the 
oxidation  of  carbon  compounds,  such  as  sugars.  Something  should  be 
added  concerning  the  oxidation  of  unstable  inorganic  compounds,  which 
is  the  kind  of  respiration  carried  on  by  the  autotrophic  bacteria. 

We  have  seen  that  in  the  family  Nitrobacteriaceae  some  members  can 
oxidize  hydrogen  to  water,  carbon  monoxide  to  carbon  dioxide,  and  hy¬ 
drogen  sulfide  to  sulfuric  acid.  Others,  the  nitrifying  bacteria,  oxidize 
ammonia  to  nitrites  and  nitrites  to  nitrates.  The  definition  of  the  term 
“respiration”  given  on  page  109  would  include  these  processes. 

Fermentation,  Putrefaction,  and  Decay 

These  terms  will  merely  be  defined  here,  and  their  significance  will 
be  brought  out  in  the  next  chapter. 

Fermentation. — This  process  has  so  much  in  common  with  respira¬ 
tion  that  the  two  can  easily  be  confused.  The  term  “fermentation”  was 
first  applied  to  the  evolution  of  bubbles  of  the  gas,  carbon  dioxide,  in 
fermenting  wine.  It  was  thought  of  as  a  sort  of  cold  boiling.  The  term 
is  still  applied  to  decomposition  processes  in  which  gases  are  evolved  in 
liquids.  It  is  now  used,  however,  to  include  the  formation  by  micro¬ 
organisms  of  organic  acids,  alcohol,  and  some  other  substances  by 
oxidative  decomposition  of  carbohydrates  and  their  derivatives. 

Putrefaction. — The  general  conception  of  putrefaction  is  the  chem¬ 
ical  decomposition  of  proteins  and  other  nitrogenous  substances  with  the 
production  of  disagreeable  odors.  It  is  usually  anaerobic. 

Decay. — In  a  somewhat  restricted  sense  of  the  term,  “decay”  is  used 
to  cover  any  aerobic  decomposition  of  organic  matter,  but  in  a  wider 
sense  it  is  inclusive  of  putrefaction. 

It  will  be  noted  that  all  these  processes  are  brought  about  by  en¬ 
zymatic  action  and  have  much  in  common  with  digestion.  Because  of 
the  fact  that  they  result  in  chemical  products,  some  of  which  are  of  great 
economic  importance,  they  will  be  discussed  further  in  the  next  chapter. 
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Nitrogen  Metabolism  of  Bacteria 

It  is  obvious  that  nitrogen  in  some  form  is  needed  for  the  manufac¬ 
ture  of  protoplasm.  Most  species  of  bacteria,  like  other  forms  of  life, 
are  unable  to  utilize  free  nitrogen  but  have  to  be  supplied  with  some 
nitrogenous  compound.  What  this  compound  must  be  will  vary  with 
the  species. 

Recent  work  indicates  that  some  kinds  of  bacteria,  perhaps  all,  re¬ 
quire  a  supply  of  the  amino  acid,  tryptophane.  Some  can  manufacture 
it  from  ammonium  salts  or  from  other  amino  compounds,  but  others 
must  have  it  supplied  to  them.  This  need  may  be  regarded  as  a  basic 
principle  in  the  nitrogen  metabolism  of  bacteria. 

Proteins. — Proteins  are  widely  distributed  in  plant  and  animal 
bodies,  both  living  and  non-living.  For  saprophytic  and  parasitic  bac¬ 
teria  they  are  valuable  sources  of  nitrogen.  To  utilize  them  bacteria 
must  secrete  proteases  for  their  digestion,  and  many  of  the  bacteria  in 
these  groups  can  do  this.  To  be  utilized,  the  proteins  are  first  broken 
down  by  the  enzymes  into  proteoses,  peptones,  and  amino  acids.  Amino 
acids  may  then  be  synthesized  into  protoplasm,  or  may  be  broken  down 
into  a  variety  of  end-products. 

Amino  Acids. — If  these  substances  have  already  been  formed  by 
some  digestive  process  before  the  bacteria  receive  them,  they  are  ready 
for  use  in  the  synthetic  metabolism  that  goes  on  within  the  bacterial 
cell.  Commercial  peptone,  which  is  extensively  used  in  artificial  cul¬ 
ture  media  for  both  saprophytic  and  parasitic  species,  contains  amino 
acids  as  well  as  more  complex  substances  which  require  digestion. 
Peptone  is  not  useful  to  most  autotrophic  bacteria,  and  is  harmful  to 
many  of  them. 

Ammonium  Compounds. — Many  kinds  of  bacteria  in  all  three  of 
the  nutritional  groups,  autotrophic,  saprophytic,  and  parasitic,  can 
utilize  ammonium  compounds.  Probably  the  ability  to  do  this  is 
primitive  and,  having  been  acquired  by  the  autotrophic  bacteria,  was 
handed  down  to  the  others,  which  still  retain  it.  Except  in  the  auto¬ 
trophic  species,  an  ammonium  compound  can  be  utilized  only  in  the 
presence  of  a  carbohydrate,  or  a  similar  source  of  energy.  Ammonium 
compounds  seem  to  be  especially  valuable  as  foods  for  many  fungi. 

Nitrites. — Nitrites  have  antiseptic  properties  which  make  them  in¬ 
jurious  to  most  kinds  of  bacteria.  However,  the  members  of  one 
genus,  Nitrobacter ,  of  the  tribe  Nitrobacterieae,  can  oxidize  them  to 
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nitrates.  Some  species  of  Actinomyces  can  use  nitrites  in  very  dilute 
solution. 

A  few  kinds  of  bacteria  can  reduce  nitrites  to  ammonia  and  thus 
obtain  oxygen. 

Nitrates. — It  has  been  found  by  actual  test  that  a  considerable 
number  of  bacterial  species  can  use  nitrates  and  synthesize  them  into 
their  own  proteins.  Also,  some  can  use  them  as  a  source  of  oxygen  in 
intermolecular  respiration.  The  special  value  of  nitrates  to  higher 
plants  is  generally  recognized. 

Free  Nitrogen. — Very  few  species  of  bacteria  can  use  the  free 
nitrogen  of  the  atmosphere  and  “fix”  it  into  nitrogen  compounds.  The 
half-dozen  species  of  Rhizobium  can  do  this  in  symbiosis  with  the  roots 
of  leguminous  plants  in  which  they  live,  and  the  two  species  of  Azoto- 
bacter  and  at  least  one  species  of  Clostridium ,  CL  butyricum ,  can  do 
it  non-symbiotically. 

Our  detailed  knowledge  of  the  chemistry  of  the  fixation  of  nitro¬ 
gen,  which  is  a  relatively  inert  gas  and  does  not  readily  enter  into 
combination  with  other  elements,  is  meager  and  controversial.  It  will 
be  discussed  briefly  in  Chapter  XIII  on  the  bacteriology  of  the  soil. 


Review  Questions 

1.  What  two  uses  do  bacteria  make  of  food?  How  do  bacteria  get  food 

inside  their  bodies  from  their  surroundings? 

2.  If  food  is  in  a  solid  state,  as  in  the  form  of  starch  grains,  how  can 

bacteria  make  use  of  them? 

3.  What  four  chemical  elements  are  used  in  greatest  quantity  by  bacteria? 

Which  chemical  elements,  if  any,  can  bacteria  use  as  such — i.e.,  in 
the  elemental  state? 

4.  Name  a  group  of  compounds  that  are  especially  important  in  supply¬ 

ing  carbon  to  bacteria.  Name  a  group  of  compounds  that  are  es¬ 
pecially  important  in  supplying  nitrogen  to  bacteria. 

5.  Name  two  important  uses  that  bacteria  make  of  oxygen. 

6.  Explain  how  bacteria  provide  themselves  with  energy.  For  what  pur¬ 

poses  do  bacteria  need  energy? 

7.  Give  a  nutritional  grouping  of  bacteria,  using  technical  terms  and 

defining  them.  Give  a  technical  synonym  for  each  of  these  terms. 
Which  of  these  groups  is  the  largest,  in  number  of  species,  and  which 
is  the  smallest? 

8.  H  ow  do  the  autotrophic  bacteria  release  energy  for  their  uses? 

9.  What  is  the  difference  between  chemosynthesis  and  photosynthesis? 
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10.  What  is  the  evidence  that  most  parasitic  bacteria  can  also  live  a  sapro¬ 

phytic  life?  What  term  is  applied  to  those  parasites  which  cannot 
live  a  saprophytic  life? 

11.  H  ow  has  the  injury  to  some  autotrophic  bacteria  by  glucose  explained? 

12.  How  are  saprophytic  bacteria  supposed  to  have  originated  by  evolu¬ 

tion?  How  are  bacteria  parasitic  on  plants  supposed  to  have 
originated  by  evolution?  State  three  ways  by  which  bacteria  parasitic 
in  animals  may  have  originated  by  evolution. 

13.  How  does  a  “refined”  form  of  parasitism  differ  from  a  “crude”  form 

of  parasitism  ? 

14.  What  are  enzymes?  How  are  they  produced? 

15.  What  is  the  distinction  between  extracellular  and  intracellular  en¬ 

zymes?  Give  two  bases  or  methods  for  classifying  enzymes,  with 
examples. 

16.  Show  by  equations  two  chemical  changes  brought  about  by  enzymes. 

17.  Compare  digestion  with  decay. 

18.  Give  the  evidence  that  bacteria  carry  on  respiration.  Give  a  grouping 

of  bacteria  on  the  basis  of  source  of  oxygen  for  respiration,  using 
technical  terms  and  defining  them. 

19.  Explain  the  difference  between  intermolecular  respiration  and  intra¬ 

molecular  respiration,  giving  an  example  of  each. 

20.  What  are  the  usual  products  of  fermentation?  What  is  meant  by 

putrefaction  ? 

21.  Arrange  the  following  according  to  the  number  of  bacterial  species 

that  can  use  them  as  sources  of  nitrogen:  (1)  free  nitrogen,  (2) 
proteins,  (3)  ammonia  compounds,  (4)  tryptophane,  (5)  nitrites, 
(6)  nitrates. 


CHAPTER  IX 


BACTERIAL  PRODUCTS 

In  their  metabolism  bacteria  and  other  microorganisms  produce  a 
wide  variety  of  chemical  substances.  Some  of  these  are  useful  to  the 
organisms  producing  them,  some  are  inert,  and  some  are  actually 
harmful  to  them.  Regardless  of  their  significance  to  the  organisms 
themselves,  many  of  these  products  are  of  the  greatest  importance  to 
man;  indeed  it  is  not  too  much  to  say  that  the  economic  significance 
of  microorganisms,  beneficial  and  harmful,  is  determined  by  these 
products.  Nearly  every  branch  of  bacteriology — food,  dairy,  soil,  and 
even  medical — is  based  on  bacterial  products. 

Secretions,  Excretions,  and  By-products 

If  we  understood  in  detail  the  formation  of  each  bacterial  product 
we  could  place  it  in  one  of  three  groups. 

( 1 )  Secretions  are  those  substances  which  are  primarily  useful  to 
the  organisms  that  produce  them.  The  enzymes  are  particularly  good 
examples,  as  they  aid  the  organisms  in  their  nutrition. 

(2)  Excretions  are  the  remains  of  materials  that  have  played  a 
part  in  the  nutrition  of  the  organism.  Having  taken  on  a  form  no 
longer  useful,  they  are  cast  off.  Carbon  dioxide  is  an  excellent  ex¬ 
ample.  Water  is  sometimes  given  off  as  an  excretion  also. 

(3)  By-products  have  not  taken  an  intimate  part  in  the  metabo¬ 
lism  of  the  organisms  but  constitute  the  material  remaining  after  some 
useful  part  of  a  compound  has  been  removed.  Oxygen  is  a  by-product 
of  photosynthesis,  and  nitrites  are  by-products  of  nitrate  reduction,  in 
which  oxygen  is  removed  and  the  nitrite  is  left  behind. 

Unfortunately  we  do  not  know  enough  about  the  details  in  the 
formation  of  certain  products  to  determine  whether  they  should  be 
regarded  as  secretions,  excretions,  or  by-products. 

Enzymes 

From  the  standpoint  of  the  organism,  enzymes  should  not  be  looked 
upon  as  entities  of  significance  in  themselves  or  as  final  products  but  as  a 
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means  to  an  end.  They  are  tools  for  the  production  of  useful  substances 
— oxygen,  foods,  and  even  the  living  protoplasm  itself.  Their  production 
and  activities  were  discussed  in  Chapter  VIII. 

Gas  Production  by  Bacteria 

Gases  formed  by  bacteria  are  almost  exclusively  waste  products  of 
metabolism.  Generally  speaking,  they  have  no  value  to  the  bacteria. 


Fig.  7 6.  Smith  type  fermentation  tubes.  These  tubes  were  made  without  stand 
and  held  in  place  on  a  wooden  rack  by  tool  clips. 


Methods  of  Collection. — In  the  laboratory  gases  can  be  collected, 
measured,  and  analyzed.  Collection  may  be  accomplished  by  growing 
the  organisms  in  a  tube  of  liquid  medium  inverted  so  that  the  gas  bubbles, 
rising  as  they  form,  will  collect  at  the  top.  If  it  is  desired  to  analyze 
the  gas,  the  bent-arm  fermentation  tube  devised  by  Theobald  Smith  may 
be  used.  If  it  is  necessary  only  to  measure  the  total  amount  of  gas,  with¬ 
out  determining  its  composition,  the  Durham  fermentation  tube,  which 
consists  of  a  small  vial  inverted  in  a  test  tube  of  liquid  culture  medium, 
is  more  convenient. 

Carbon  Dioxide. — Th  is  is  the  gas  most  commonly  and  most  abun¬ 
dantly  formed  by  bacteria.  It  is  a  product  of  respiration  or  of  fermenta¬ 
tion.  If  only  a  little  is  given  off,  as  in  slow  respiration,  it  combines  with 
water  to  form  carbonic  acid ;  but  as  this  is  an  unstable  compound  the 
culture  medium  becomes  saturated  with  it  and  the  excess  carbon  dioxide 
is  given  off  as  a  gas.  For  many  kinds  of  bacteria  sugars  in  the  culture 
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medium  favor  the  production  of  carbon  dioxide,  as  they  are  easily  fer¬ 
mented.  Likewise,  carbon  dioxide  may  be  produced  in  the  decomposition 
of  amino  acids. 

By  decay  of  organic  matter  in  the  soil  carbon  dioxide  may  be  pro¬ 
duced  so  abundantly  that  the  air  in  the  soil  spaces  is  much  richer  in  this 
gas  than  is  the  atmosphere  above;  and  the  atmosphere  close  to  the  ground, 


Fig.  77.  Durham  type  fermentation  tubes.  Small  vials  inverted  in  the  liquid 
culture  medium  give  up  their  air  during  sterilization  and  collect  gas  when  it  is 
produced  by  the  culture. 

if  protected  from  air  currents,  shows  a  larger  percentage  of  the  gas  than 
that  a  few  feet  higher.  Bacterial  action  thus  makes  a  considerable  con¬ 
tribution  of  carbon  dioxide  to  the  atmosphere,  from  which  green  plants 
take  it  for  photosynthesis. 

Hydrogen  and  Methane. — These  two  gases  are  commonly  discussed 
together.  They,  likewise,  are  products  of  the  fermentation  of  carbohy¬ 
drates,  and  may  be  so  abundant  in  sewer  gas  as  to  give  it  a  commercial 
value  as  fuel. 

Nitrogen. — Comparatively  few  species  of  bacteria  can  produce  free 
nitrogen,  but  there  are  enough  to  cause  heavy  losses  of  nitrogen  from  the 
soil  and  to  maintain  in  the  atmosphere  a  higher  percentage  of  this  gas 
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than  of  any  other.  It  is  formed  by  the  decomposition  of  nitrates  and 
nitrites. 

Oxygen. — The  formation  of  this  gas  by  bacteria  is  of  rare  occur¬ 
rence.  They  use  much  more  oxygen  than  they  produce. 

Hydrogen  Sulfide. — In  the  decomposition  of  proteins  and  amino 
compounds  a  few  kinds  of  anaerobic  bacteria  can  produce  hydrogen  sul¬ 
fide,  although  generally  too  small  an  amount  to  be  collected  in  fermen¬ 
tation  tubes.  In  the  decay  of  eggs  enough  is  produced  to  give  off  a 


Fig.  78.  Measuring  the  amount  of  gas  collected  in  the  closed  end  of  a  Smith 

fermentation  tube. 


distinctly  disagreeable  odor,  especially  if  the  gas  is  prevented  from  escap¬ 
ing  by  the  membrane  and  shell. 

The  chief  value  in  studying  gas  production  by  bacteria  is  as  an  aid  in 
the  identification  of  the  species.  Each  kind  of  bacteria  is  specific  as  to 
the  kinds  of  carbohydrates  or  other  substances  it  can  ferment  and  the 
kinds  of  gas  produced,  if  any.  By  adding  to  the  medium  in  fermentation 
tubes  different  kinds  of  sugars,  etc.,  and  inoculating  with  the  bacteria 
to  be  studied,  much  can  be  learned  as  to  the  identity  of  the  species. 

The  Production  of  Ammonia 

There  is  a  strong  tendency  among  bacteria  of  many  kinds  to  produce 
ammonia.  As  the  compounds  of  ammonia  are  not  very  stable  they  do 
not  remain  long  in  that  form. 
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Ammonia  is  produced  by  bacteria  in  three  ways. 

( 1 )  In  the  decomposition  of  proteins,  including  gelatin,  proteolysis 
first  takes  place  through  the  action  of  proteases,  and  amino  acids  are 
formed.  These,  in  turn,  may  be  deaminized  to  ammonia  and  other  prod¬ 
ucts.  Most  of  the  ammonia  of  bacterial  origin  is  formed  in  this  way, 
and  many  species  take  part. 

(2)  The  urea  given  off  in  considerable  quantities  by  all  higher  ani¬ 
mals  and  many  of  the  lower  ones  is  readily  hydrolyzed  into  ammonium 
carbonate  by  the  enzyme,  urease,  secreted  by  several  species  of  bacteria. 

(NH2)2CO  +  2H20  (NH4)2C03 

Urea  Ammonium  carbonate 

Ammonium  carbonate  breaks  down  rather  easily  into  ammonia,  carbon 
dioxide,  and  water — a  fact  which  accounts  for  the  frequent  odor  of  am¬ 
monia  in  buildings  where  domestic  animals  are  housed,  particularly  in 
horse  stables. 

(3)  In  the  reduction  of  nitrates  by  a  considerable  number  of  anae¬ 
robes  and  facultative  anaerobes,  ammonia  is  produced  if  the  reduction 
process  goes  beyond  the  nitrite  stage.  This  may  take  place  in  manure 
heaps  and  in  water-logged  soils. 

However  the  ammonia  is  formed,  if  it  escapes  into  the  atmosphere  in 
the  gaseous  state  it  is  lost,  from  the  standpoint  of  the  place  that  produced 
it.  It  may  be  returned  to  the  earth  by  rain  in  some  more  or  less  remote 
region.  On  the  other  hand,  some  of  it  is  utilized  as  a  food  material  by 
certain  kinds  of  bacteria,  fungi,  and  even  higher  plants. 


The  Production  of  Acids 

A  considerable  number  of  acids,  both  inorganic  and  organic,  are 
produced  by  bacteria.  In  the  presence  of  bases  they  may  be  changed  to 
salts,  but  in  the  absence  of  bases  they  may  accumulate  in  the  soil  to  the 
detriment  of  the  organisms  that  produced  them  and  to  the  detriment 
of  crop  plants.  This  is  one  reason  for  the  application  of  lime  to  soils. 

Sulfuric  Acid. — Some  of  the  Thiobacteriales,  the  “sulfur  bacteria,” 
have  the  power  of  oxidizing  the  hydrogen  sulfide  which  is  eliminated  by 
volcanic  action  and  produced  by  anaerobic  bacteria  in  their  putrefaction 
of  proteins.  This  oxidation  in  some  cases  changes  the  hydrogen  sulfide 
to  water  and  sulfur,  and  the  latter  is  deposited  as  sulfur  grains  in  the 
bodies  of  the  bacteria.  It  may,  however,  change  the  hydrogen  sulfide  to 
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sulfuric  acid  which,  in  the  presence  of  carbonates,  is  changed  to  sulfates. 

2H2S  +  02  — >2H20  +  s 
H2S  +  202  — >H2S04 
H2S04  +  CaCOg  — >CaS04  +  H2COg 

This  last  process  contributes  to  the  supply  of  sulfates  in  the  soil. 

Nitric  Acid. — The  nitrifying  bacteria  belonging  to  the  family  Nitro- 
bacteriaceae  play  an  exceedingly  important  part  in  maintaining  soil  fer¬ 
tility.  After  ammonia  has  been  formed  by  the  decomposition  of  amino 
compounds  or  urea,  this  ammonia  is  oxidized  first  into  nitrites  and  then 
into  nitrates.  It  is  probable  that  in  this  process  nitric  acid  is  produced 
and  is  subsequently  neutralized  by  carbonates  or  bases  in  the  soil  to 
form  nitrates. 

Carbonic  Acid. — This  acid  consists  of  an  unstable  union  of  carbon 
dioxide  and  water  and  readily  breaks  down  into  these  two  substances.  It 
may  be  regarded  as  a  product  of  practically  all  bacterial  life. 

Lactic  Acid. — We  commonly  think  of  lactic  acid  as  a  product  of 
lactic  fermentation  of  lactose  in  milk.  It  should  be  realized,  however, 
that  this  acid  also  results  from  the  fermentation  of  other  sugars  in  vege¬ 
table  matter  such  as  sauerkraut  and  ensilage.  Thus,  sucrose,  as  found  in 
plants,  is  converted,  when  the  plants  decay,  into  dextrose  and  levulose, 
both  of  which  are  easily  fermented  to  lactic  acid.  It  is,  indeed,  the  acid 
most  commonly  produced  by  bacteria. 

There  is  some  uncertainty  as  to  the  details  of  lactic  acid  formation 
from  sugars.  The  enzyme  responsible  for  the  change  (sometimes  called 
lactacidase)  is  an  intracellular  oxidase,  but  its  presence  within  the  cells 
has  not  been  satisfactorily  demonstrated.  In  the  entire  change  from 
lactose  to  lactic  acid  the  following  are  the  principal  steps. 

Ci2H22044  +  h2o  — ■»  c6h12o6  +  c6h12o6 

Lactose  Dextrose  Galactose 

C6H1206  ->  2CH3  •  CHOH  •  COOH 

Dextrose  or  Lactic  acid 

Galactose 

These  equations  indicate  only  certain  trends  in  lactic  fermentations. 
Three  factors  greatly  complicate  the  picture.  ( 1 )  There  are  two  kinds 
of  lactic  acid.  (2)  In  the  formation  of  either  of  these  from  hexoses 
there  are  intermediate  steps.  (3)  In  some  cases,  not  all  the  sugar  is 
converted  into  lactic  acid,  and  the  other  products  vary  with  the  species 
of  bacteria  responsible  for  the  fermentation. 
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Many  species  in  different  genera  of  the  Eubacteriales  are  capable  of 
causing  lactic  fermentation.  It  is  carried  on  rapidly  by  Streptococcus 
lactis ,  which  is  the  most  important  organism  in  the  souring  of  milk  and 
usually  plays  some  part  in  the  fermentation  of  sauerkraut  and  ensilage. 
However,  growth  of  Strep,  lactis  is  inhibited  by  its  own  acid  in  a  con¬ 
centration  of  about  i.O  per  cent,  and  fermentation  slows  down,  finally 
ceasing  at  an  acid  concentration  of  about  1.3  per  cent.  The  different 
species  of  Lactobacillus ,  of  which  there  are  about  fifteen,  can  bring  the 
acidity  to  about  4.0  per  cent.  Lactic  acid  is  produced  by  many  species  of 
Streptococcus ,  by  Escherichia  coli ,  A  erobacter  aero  genes  and  their  rela¬ 
tives,  by  several  species  of  the  spore-forming  anaerobe  Clostridium,  and 
by  a  few  other  bacteria. 

Lactic  acid  is  also  produced  in  small  amount  by  the  decomposition  of 
amino  acids.  For  example: 

CH3  •  CH(NH2)  •  COOH  +  h2o  -> 

Alanine  CH3  •  CHOH  •  COOH  +  NH3 

Lactic  acid  Ammonia 

The  importance  of  lactic  acid  in  dairy  products,  in  sauerkraut,  and 
in  ensilage,  where  it  suppresses  the  development  of  putrefying  bacteria, 
is  far-reaching.  Its  practical  applications  will  be  given  a  more  detailed 
discussion  in  later  chapters. 

Butyric  Acid. — When  a  fat  is  hydrolyzed  by  lipase  two  products 
may  be  formed,  glycerol  and  the  corresponding  fatty  acid : 

C3H5(C17H35COO)3  +  3H2o  ->  C3H5(OH)3  +  3C1TH85COOH 

Stearin  Glycerol  Stearic  acid 

The  glycerol  is  readily  decomposed  by  species  of  Clostridium  and 
by  some  other  kinds  of  bacteria  into  butyric  acid,  carbon  dioxide,  and 
hydrogen. 

2C3H5(OH)3  ->  C3H7COOH  +  2C02  +  4H0 

Glycerol  Butyric  acid 

Butyric  acid  is  also  formed  in  the  anaerobic  fermentation  of  dextrose 
by  Clostridium  butyricum  and  other  species  of  this  genus. 

C6H12Og  ->  C3H7C OOH  +  2C02  +  2H2 

Dextrose  Butyric  acid 

Butyric  acid  is  one  of  the  several  products  which  give  the  disagreeable 
flavor  to  rancid  butter  and  other  fats. 

Acetic  Acid. — It  has  long  been  known  that  cider  and  other  fermented 
liquors,  if  exposed  to  air,  will  change  into  vinegar.  The  most  important 
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step  in  this  process  is  the  oxidation  of  the  alcohol  to  acetic  acid  and  water. 

C2H5OH  +  02  ->  CHgCOOH  +  h2o 

Alcohol  Acetic  acid 

The  organisms  chiefly  responsible  for  the  formation  of  acetic  acid 
from  alcohol  belong  to  one  genus,  A cetobacter.  This  genus  contains 
about  fifteen  species,  some  of  which  are  more  effective  than  others  in 
the  manufacture  of  vinegar.  Four  species  are  used  in  different  modifi¬ 
cations  of  the  process. 

For  success  in  vinegar-making  the  alcoholic  content  of  the  liquid 
must  not  exceed  about  9.0  per  cent  (better  a  little  lower).  An  acetic 
acid  content  of  11.5  per  cent  has  been  obtained,  although  6.0  to  7.0  per 
cent  is  more  common.  Since  the  process  is  one  of  oxidation  a  good 
supply  of  air  must  be  provided,  as  by  allowing  the  cider  (or  other  alco¬ 
holic  liquid)  to  trickle  down  through  beechwood  shavings  loosely  placed 
in  special  casks. 

Production  of  Alcohol  by  Bacteria. — The  fermentation  of  dex¬ 
trose  to  alcohol  and  carbon  dioxide,  which  has  been  studied  very  exten¬ 
sively,  is  brought  about  by  yeasts  and  by  certain  molds  but  not  by  most 
bacteria.  The  discussion  of  the  process  will,  therefore,  be  carried  over 
to  Chapter  XII. 

Some  kinds  of  bacteria — for  example,  Escherichia  coli — can,  how¬ 
ever,  produce  alcohol  in  small  quantity  from  dextrose  as  well  as  from 
glycerol. 

C3H5(OH)3  ->  C2H5OH  +  HCOOH 

Glycerol  Alcohol  Formic  acid 

The  process  is  not  of  commercial  importance 

Bacterial  Toxins 

A  few  kinds  of  bacteria  are  capable  of  producing  very  deadly  sub¬ 
stances  that  are  termed  toxins.  These  toxins  are  formed  by  the  living 
protoplasm  of  the  cell.  Two  general  classes  of  bacterial  toxins  are 
known : 

(1)  The  exotoxins,  i.e.,  those  that  readily  diffuse  out  of  the  cell 
into  the  surrounding  medium. 

(2)  The  endotoxins ,  i.e.,  those  that  remain  inside  the  cells  until 
they  are  broken  down  by  some  means  such  as  grinding,  or  digestion 
with  enzymes,  or  autolysis. 

All  of  these  toxins  are  specific — i.e.,  each  is  different  from  the  others, 
is  produced  by  one  species  of  organism  only,  and  causes  only  one  kind  of 
disease,  as  diphtheria  or  botulism.  Little  is  known  about  the  toxins  pro- 
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duced  by  bacteria  that  cause  plant  diseases,  or,  indeed,  about  how  many 
of  these  organisms  produce  toxins. 

The  Exotoxins. — Best  known  of  the  two  groups  are  the  exotoxins. 
Being  soluble,  they  leave  the  cells  that  produced  them  so  readily  that  if 
cultures  are  passed  through  a  bacterial  filter  the  filtrate  is  still  poisonous. 
The  diseases  in  which  their  presence  has  been  most  strikingly  evident 
are  diphtheria,  tetanus,  gas  gangrene,  botulism,  scarlet  fever,  and  some 
forms  of  cerebrospinal  meningitis.  Most  bacteria  pathogenic  to  human 
beings  and  higher  animals  do  not  produce  exotoxins. 

Substances  similar  to  bacterial  exotoxins  are  found  in  the  venom  of 
snakes,  the  poisons  of  spiders  and  scorpions,  and  the  seeds  of  some  plants, 
including  the  castor  bean,  Jequirty  bean,  black  locust,  and  Croton. 

Little  is  known  about  the  chemical  structure  of  the  exotoxins  or  the 
method  of  their  formation.  They  have  never  been  obtained  in  an  abso¬ 
lutely  pure  state,  as  they  are  found  in  a  physical  union  with  proteins  that 
is  difficult  to  break.  The  diphtheria  toxin,  however,  has  recently  been 
purified  to  such  a  degree  that  more  exact  studies  of  it  can  be  made  than 
have  been  made  on  any  of  the  other  toxins.  These  studies  indicate 
strongly  that  the  diphtheria  toxin  is  a  protein.  In  general  the  exotoxins 
are  easily  destroyed  by  strong  light  and  by  heat  well  below  the  boiling 
point  of  water.  They  are  extremely  poisonous,  especially  the  tetanus 
and  botulinus  toxins,  which  are  fatal  in  much  smaller  doses  than  is 
strychnine.  Most  of  the  toxins  are  harmless  if  taken  into  the  stomach 
but  deadly  if  injected  into  the  tissues  or  the  blood,  but  this  is  not  true 
of  botulinus  toxin. 

The  exotoxins  were  once  thought  to  be  excretions  or  by-products 
formed  in  the  decomposition  of  proteins,  but  they  are  now  regarded  as 
synthetic  products.  It  might  seem  natural  to  class  them  as  secretions, 
since  they  offer  one  means  by  which  pathogenic  bacteria  cause  disease; 
but  it  certainly  is  not  advantageous  to  the  pathogen  to  kill  its  host,  for 
when  that  happens  the  parasite  must  die  also,  unless,  by  chance,  it  reaches 
another  living  host. 

It  has  been  found  that  if  a  sub-lethal  dose  of  an  exotoxin  is  injected 
into  a  susceptible  animal  the  animal  will  produce  an  antitoxin  and  thus 
protect  itself.  This  antitoxin  will  not  kill  the  bacteria  that  produced 
the  toxin,  but  it  will  neutralize  the  toxin  and  thus  prevent  it  from  fur¬ 
ther  injuring  the  host.  It  is  by  this  method  that  antitoxic  sera  are  made. 
(See  Chapter  XXII,  page  258.) 

The  Endotoxins. — Even  less  is  known  about  the  formation  and 
chemical  composition  of  endotoxins  than  of  exotoxins.  They  remain 
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within  the  cell  throughout  its  life  and  have  never  been  isolated  in  a  form 
suitable  for  chemical  study.  It  is  known  that  there  is  a  poisonous  sub¬ 
stance  within  the  cells  of  certain  pathogenic  bacteria  even  after  these  cells 
have  died,  and  that  this  substance  varies  with  the  species.  This  is  the 
chief  evidence  for  the  occurrence  of  endotoxins.  A  filtrate  from  cultures 
of  these  organisms  is  non-toxic  unless  they  are  so  old  that  there  has  been 
considerable  disintegration  of  the  cells. 

Endotoxins  are  produced  by  many  kinds  of  bacteria,  including  the 
Eberthellas,  Salmonellas,  Pasteurellas,  and  some  species  of  Streptococcus 
and  Staphylococcus.  In  disease  production  some  of  the  cells  of  the  bac¬ 
teria  are  disintegrated  within  the  body  of  the  host  and  the  toxins  are 
thus  set  free.  The  endotoxins  do  not  stimulate  the  production  of  anti¬ 
toxins  by  the  body  as  do  the  exotoxins.  This  fact  offers  the  surest  way 
of  distinguishing  between  these  two  classes  of  toxins,  for  the  escape  of 
the  toxin  from  the  cell  is  not  always  a  reliable  criterion  by  which  to 
classify  it. 

Thermogenesis 

Heat  production  by  bacteria  may  be  regarded  as  universal,  but  only 
when  it  is  very  rapid  is  the  term  thermogenesis  applied.  In  heaps  of 
fresh  manure,  hay,  straw,  and  ensilage,  heating  takes  place  to  such  an 
extent  that  the  temperature  of  the  material  is  raised  above  that  of  the 
surrounding  air,  sometimes  many  degrees. 

Various  species  of  bacteria  here  find  favorable  conditions  for  rapid 
oxidation,  and  the  material,  having  a  considerable  volume  and  being  a 
poor  conductor  of  heat,  gets  hotter  and  hotter  until  it  reaches  a  tem¬ 
perature  of  8o°  C.  or  more.  Spontaneous  combustion  has  been  known 
to  occur  in  such  materials  in  which  the  moisture  content  was  rather  low, 
but  in  such  extreme  cases  it  is  doubtful  whether  the  bacteria  carried  the 
temperature  to  the  final  point  of  combustion.  It  seems  more  likely  that 
the  last  stages  were  brought  about  by  direct  chemical  action  made  pos¬ 
sible  by  the  elevated  temperature  of  thermogenesis. 

Photogenesis 

A  number  of  species  of  lower  organisms,  some  of  them  fungi  and 
some  others  bacteria,  are  capable  of  generating  light  by  oxidation  with¬ 
out  material  rise  in  temperature.  This  phenomenon  has  been  termed 
photogenesis  or  phosphorescence.  In  some  eastern  localities  the  term  “fox 
fire”  is  applied  to  material,  such  as  decaying  stumps,  which  contains  the 
photogenic  organisms  (especially  the  mycelium  of  certain  mushrooms) 
and  is  therefore  luminous. 
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Photogenic  bacteria  are  most  commonly  found  in  decaying  fish  in 
the  sea  or  on  the  shore.  Both  in  nature  and  in  the  laboratory  the  phe¬ 
nomenon  is  favored  by  the  presence  of  sodium  chloride  and  of  oxygen. 


Fig.  79.  Demonstration  of  photogenesis.  Pseudomonas  fluorescens  was 
smeared  on  the  surface  of  agar  in  a  Petri  dish.  After  incubating  for  two  days 
the  growths  were  photographed  by  their  own  light,  exposing  fifteen  hours. 


In  the  absence  of  these  substances  the  same  bacteria  may  fail  to  produce 
light.  The  light  produced  is  not  intense,  but  colonies  of  the  organisms 
in  Petri  dishes  and  the  bodies  of  fish  containing  them  have  been  photo¬ 
graphed  in  a  dark  room  by  the  light  so  emitted. 

Review  Questions 

1.  What  distinctions  are  commonly  made  between  secretions,  excretions, 

and  by-products?  Give  an  example  of  each  produced  by  bacteria. 

2.  Name  five  gases  most  commonly  produced  by  bacteria  in  the  order  of 

the  frequency  of  their  production.  How  are  gases  produced  by 
bacteria  usually  collected  for  study? 

3.  What  group  of  substances  in  the  culture  medium  favors  the  production 

of  carbon  dioxide?  Explain.  State  three  methods  by  which  bacteria 
produce  ammonia. 

4.  Name  the  two  organic  acids  and  the  two  inorganic  acids  most  commonly 

produced  by  bacteria. 

5.  What  group  of  substances  in  the  culture  medium  favors  the  production 

of  organic  acids? 

6.  Is  the  production  of  nitric  acid  by  bacteria  more  harmful  or  more 

beneficial  to  man?  Explain. 

7.  Explain  by  chemical  equations:  (a)  the  formation  of  an  organic  acid; 

(b)  the  formation  of  an  inorganic  acid. 

8.  What  group  of  secreted  substances  is  responsible  for  the  formation  of 

most  kinds  of  bacterial  products? 

9.  What  are  bacterial  toxins?  Name  and  define  the  two  kinds.  Which 

is  the  better  known?  For  which  have  antitoxins  been  found? 

10.  What  is  meant  by  thermogenesis?  What  conditions  favor  it? 

11.  What  is  meant  by  photogenesis?  In  what  materials  is  it  most  commonly 

seen? 
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EFFECTS  OF  ENVIRONMENT  ON  BACTERIA 

Bacteria,  like  most  other  kinds  of  plants,  are  almost  entirely  at  the 
mercy  of  their  environment,  with  little  power  to  control  it.  Under  a 
few  conditions,  as  when  living  in  decaying  masses  of  vegetation,  manure 
heaps,  etc.,  they  may  raise  the  temperature  by  their  thermogenic  action; 
but  this  is  not  necessarily  beneficial  to  them  and  may  be  harmful.  They 
may  also  change  the  hydrogen-ion  content  of  the  medium  in  which  they 
live.  For  the  most  part  they  have  either  to  adapt  themselves  to  their 
surroundings,  if  unfavorable,  or  perish  from  the  earth.  This  adaptation 
has  sometimes  been  rapid  and  is  mostly  physiological  and  temporary;  but 
it  has  also  included  such  morphological  acquisitions  as  resistant  spores, 
the  production  of  which  is  strongly  inherited. 

Environmental  Factors 

Bacteria  are  found  almost  everywhere  except  within  solid  bodies  such 
as  rocks  and  deep  in  the  earth.  They  encounter  a  wide  range  of  con¬ 
ditions.  These  are  conveniently  grouped  as  physical  and  chemical,  but 
it  must  be  realized  that  most,  and  perhaps  all,  of  the  physical  agents  such 
as  moisture,  temperature,  and  light  influence  chemical  change  within  the 
bodies  of  the  organisms. 

The  Physical  Environment 

Physical  factors  in  the  environment  affecting  bacteria  are  ( i )  tem¬ 
perature,  (2)  moisture,  (3)  osmotic  changes,  (4)  light,  (5)  other 
radiations,  and  (6)  mechanical  injury. 

Effects  of  Temperature 

The  temperature  to  which  bacteria  are  exposed  may  either  destroy 
them  or  influence  their  activities  favorably  or  adversely. 

Injury  by  Heat. — That  bacteria  can  be  killed  by  heat  is  well  known. 
The  question  of  how  much  heat  is  required  and  the  conditions  under 
which  it  is  most  effective  need  careful  consideration. 
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Bacterial  species  vary  greatly  in  their  resistance  to  heat.  The  two 
genera,  Bacillus  and  Clostridium ,  are  made  up  of  spore  formers,  and  the 
spores  of  some  species  can  withstand  steam  heat  above  the  boiling  point 
for  a  half-hour  or  longer.  In  Chapter  VI  it  was  shown  that  the  usual 
sterilization  time  in  an  autoclave  under  steam  pressure  of  fifteen  pounds 
(about  120°  C.)1  is  fifteen  minutes.  Most  kinds  of  non-spore-forming 
bacteria,  however,  are  killed  if  heated  in  a  liquid  medium  for  a  few 
minutes  at  6o°  C. 

In  determining  the  heat  resistance  of  bacteria  several  factors  have  to 
be  considered  jointly:  (1)  the  degree  of  temperature,  (2)  the  length  of 
time  during  which  the  bacteria  are  exposed  to  the  heat,  (3)  whether  the 
bacteria  are  heated  in  a  moist  or  a  dry  condition,  (4)  the  hydrogen-ion 
concentration  of  the  medium  in  which  the  bacteria  are  heated,  and  (5) 
the  character  of  the  medium  in  other  respects.  For  example,  bacteria  are 
killed  at  a  lower  temperature  in  water  than  in  cream. 

The  first  two  of  these  conditions  are  self-explanatory.  The  presence 
of  moisture  makes  bacteria  more  susceptible  to  heat,  probably  because  the 
proteins  of  their  protoplasm  are  more  readily  coagulated  when  wet  than 
when  dry.  In  laboratory  practice  dry  glassware  is  sterilized  at  a  tem¬ 
perature  about  40°  C.  higher  than  is  used  for  culture  media,  and  gen¬ 
erally  the  time  of  heating  is  much  longer.  With  regard  to  the  hydrogen- 
ion  concentration  of  the  medium  in  which  the  bacteria  are  heated,  it  has 
been  abundantly  shown  that  even  a  slight  increase  in  acidity  or  alkalinity 
from  the  neutral  point  increases  the  effectiveness  of  the  heat.  For  this 
reason  acid  fruits  are  more  easily  sterilized  than  vegetables  or  meats. 

As  a  common  basis  for  comparative  studies  in  heat  resistance  of  bac¬ 
teria  a  thermal  death  point  is  sometimes  determined.  Unfortunately 
there  is  not  complete  uniformity  in  the  definitions  of  the  thermal  death 
point,  but  the  following  is  in  good  repute:  “The  thermal  death  point  is 
the  least  degree  of  heat  required  to  kill  all  the  individuals  when  heated 
in  standard  beef  bouillon  for  ten  minutes.”  Note  that  all  five  of  the 
factors  named  above  are  taken  account  of  in  a  thermal  death  point  test 
carried  out  by  this  definition.  As  some  kinds  of  bacteria,  however,  are 
not  commonly  grown  in  beef  bouillon  the  character  of  the  medium  is 
sometimes  varied. 

Since  the  different  individuals  in  a  culture  vary  greatly  in  their  resis- 

1  The  pressure  recorded  on  the  gauge  of  an  autoclave  is  in  addition  to 
the  pressure  of  the  atmosphere.  At  high  altitudes,  therefore,  the  actual 
pressure  and  temperature  are  a  little  lower  than  at  low  altitudes  for  the 
same  reading  on  the  pressure  gauge. 
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tance  to  heat,  some  dying  much  more  quickly  than  others  at  the  thermal 
death  point,  a  thermal  death  rate  is  sometimes  preferred,  although  it  is 
more  difficult  to  determine. 

Where  a  fixed  temperature  of  heating  is  used,  as  in  canneries,  a 
thermal  death  time  is  sometimes  determined,  i.e.,  the  time  required  to 
kill  the  organisms  when  heated  at  a  temperature  previously  determined 
upon.  This  temperature  is  usually  above  the  boiling  point,  and,  if  so,  its 
significance  is  with  reference  to  spore-forming  organisms. 

Injury  by  Low  Temperature. — Very  few  kinds  of  bacteria  are 
killed  by  cooling  down  to  O0  C.,  although  some  species  of  Neisseria  fail 
to  survive  this  temperature  if  kept  there  in  a  moist  state.  Even  most 
pathogens  of  warm-blooded  animals  may  live  for  months  in  a  refrigerator. 

Actual  freezing,  however,  must  be  looked  upon  as  lethal  to  vegetative 
cells;  but  it  is  not  injurious  to  spores,  which  contain  very  little  free  water. 
Just  how  freezing  kills  bacteria  is  not  certain,  although  the  mechanical 
action  of  the  ice  crystals  is  strongly  suspected  of  being  responsible.  Freez¬ 
ing  bacteria  suspended  in  water  is  much  more  fatal  to  them  than  freezing 
in  cream  or  other  material  that  does  not  become  so  solid.  Slow  freezing 
at  the  temperature  of  an  ice-salt  mixture  (about  — 16°  C.)  is  more  ef¬ 
fective  than  freezing  very  quickly  at  the  temperature  of  liquid  air  (about 
—  i  90°  C. ).  It  has  also  been  found  that  repeated  freezing  and  thawing 
is  much  more  lethal  than  continuous  freezing.  About  seven  repeated 
freezings  at  close  intervals  are  sufficient  to  kill  all  the  individuals  of  the 
typhoid  organism  in  a  very  young  bouillon  culture  in  less  than  two  hours, 
whereas  they  will  live  for  several  weeks  if  kept  continuously  frozen. 

Effects  of  Temperature  on  Physiological  Activities. — Bacteria 
are  much  influenced  by  temperatures  within  a  range  not  fatal  to  them. 
For  each  species  and  each  physiological  activity  we  must  recognize 
three  cardinal  points  of  temperature — a  maximum,  an  optimum,  and  a 
minimum. 

Such  a  wide  range  of  temperature  requirements  is  found  in  different 
species  of  bacteria  that  a  thermal  grouping  has  been  set  up.  (i)  Ther- 
mophiles  are  those  that  grow  best  at  relatively  high  temperatures,  with 
a  temperature  range  of  30°  C.  to  8o°  C.  (2)  Mesophiles  are  those  that 
grow  best  at  moderate  temperatures,  with  a  temperature  range  of  io°  C. 
to  450  C.  (3)  Psychrophiles  are  those  that  grow  best  at  relatively  low 
temperatures,  with  a  temperature  range  of  0°  C.  to  25 0  C.  It  will  be 
noted  that  there  is  considerable  overlapping  in  the  temperature  range  for 
growth  of  the  three  groups — i.e.,  that  the  minimum  for  one  group  is  con¬ 
siderably  below  the  maximum  for  another.  There  is  also  considerable 
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variation  in  temperature  range  of  the  different  species  in  a  group.  The 
optimum  temperatures  run  about  as  follows :  thermophiles  50°  to  6o°  C., 
mesophiles  30°  to  370  C.,  and  psychrophiles  150  to  20°  C. 

Thermophiles  are  particularly  troublesome  in  the  dairy  industry,  as 
even  their  vegetative  cells  withstand  pasteurization.  Mesophiles  include 
all  the  common  forms  that  grow  best  at  room  and  blood  temperatures. 
Psychrophiles  develop  in  cold  soils  and  even  in  the  refrigerator. 

We  use  the  term  microphile  for  bacteria  that  have  a  narrow  range  of 
temperature  for  growth — i.e.,  whose  maximum  and  minimum  tempera¬ 
tures  are  relatively  close  together.  For  example,  the  gonococcus  will 
show  very  little  growth  above  40°  C.  or  below  30°  C.,  whereas  by  con¬ 
trast  Escherichia  coli  has  a  range  from  about  440  C.  to  about  8°  C.1 
Most  microphiles  are  mesophilic,  with  a  temperature  range  between  30° 
and  40°  C. 

In  general,  the  optimum  temperature  is  much  closer  to  the  maximum 
than  to  the  minimum.  This  is  shown  by  the  two  species  mentioned  above, 
both  of  which  have  an  optimum  of  370  C.  When  bacteria  are  submitted 
to  temperatures  a  little  above  the  maximum  or  below  the  minimum  they 
are  not  killed  but  go  into  a  relatively  dormant  state. 

Effects  of  Moisture  and  Desiccation 

Moisture,  like  temperature,  is  a  relative  term,  and  bacteria  may  be 
exposed  to  any  degree  from  almost  pure  water  to  almost  absolute  dryness. 

Maximum  Water  Supply. — Bacteria,  being  virtually  aquatic,  are 
not  injured  by  excess  of  moisture,  except  indirectly  through  restriction  of 
the  air  supply,  as  in  a  water-logged  soil.  Diffusion  from  the  atmosphere 
into  the  water  provides  a  limited  supply  of  air. 

Effects  of  Desiccation. — Bacteria  do  not  require  an  excessive  amount 
of  water  to  live  normally.  In  a  soil  that  is  only  moderately  moist,  that 
will  just  hold  together  when  squeezed  in  the  hand,  they  will  live  and 
multiply  in  the  thin  films  of  water  on  the  soil  particles. 

When  exposed  to  dry  air,  however,  vegetative  cells  are  more  or  less 
injured.  Some  delicate  pathogens  (for  example,  the  meningococcus  that 
causes  meningitis)  will  die  very  quickly — in  an  hour  or  less — if  dried  in 
a  thin  layer  on  a  glass  slide.  Spores,  being  dormant,  are  not  affected 
by  desiccation,  and  may  live  in  an  air-dry  state  for  years. 

1  It  is  difficult  to  give  an  exact  minimum  temperature  for  growth,  for, 
as  the  lower  limit  is  reached,  the  rate  of  multiplication  is  so  extremely  slow 
that  it  becomes  gradually  undetectable. 
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There  are  a  number  of  conditions  that  determine  the  lethal  effect  of 
desiccation. 

( 1 )  The  medium  in  which  the  bacteria  are  dried  is  important.  Dry¬ 
ing  on  glass  in  a  thin  film  of  an  aqueous  suspension  is  much  more  effective 
than  drying  in  a  thick  mass  of  a  viscous  material  such  as  sputum,  milk, 
or  agar,  because  such  materials  slow  down  desiccation  and  under  some 
conditions  make  it  less  complete. 

(2)  Drying  in  light,  even  of  relatively  low  intensity,  is  more  effective 
than  drying  in  darkness. 

(3)  Drying  at  body  temperature  or  room  temperature  is  more 
effective  than  drying  near  the  freezing  point. 

(4)  Drying  in  air  is  more  effective  than  drying  in  a  vacuum  or  in 
an  atmosphere  of  nitrogen.  Oxidation  may  be  one  of  the  lethal  agents 
in  normal  drying. 

Taking  advantage  of  these  facts,  a  method  has  been  devised  for 
keeping  on  hand  supplies  of  living  bacteria.  They  are  dried  on  strips 
of  blotting  paper  at  a  low  temperature  and  stored  in  a  dark  refrig¬ 
erator.  Under  these  conditions  even  delicate  pathogens  have  been  kept 
alive,  although  dormant,  for  years. 


Effects  of  Osmotic  Changes 

For  the  most  part  bacteria  thrive  best  in  solutions  isotonic  with  their 
own  body  liquids. 


Fig.  80.  1.  Plasmolyzed  cells;  2,  normal  cells;  and  3,  swollen  cells  of  bac¬ 

teria.  The  plasmolysis  was  caused  by  a  strong  sugar  solution,  and  the  swelling 
by  distilled  water. 


To  best  appreciate  the  behavior  of  liquid  suspensions  and  solutions 
in  the  presence  of  an  osmotic  membrane  two  things  should  be  realized : 
( 1 )  that  colloidal  particles  are  relatively  inactive,  and  show  but  little 
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tendency  to  pass  through  such  a  membrane;  and  (2)  that,  if  a  permeable 
membrane  separates  two  solutions,  each  substance  in  the  solutions — the 
water  or  other  solvent  and  each  thing  dissolved  in  it — will  tend  to  pass 
through  the  membrane  from  the  side  where  it  is  most  concentrated  to 
the  side  where  its  concentration  is  less.  Osmosis  is,  then,  a  process  of 
equalizing  the  concentration  of  each  substance  on  the  two  sides  of  the 
membrane. 

Bacteria  can  be  injured  and  in  some  cases  even  killed  by  osmotic 
changes.  If  bacteria  are  placed  in  distilled  water,  the  water  diffuses 
through  their  cell  membranes  to  the  inside,  where  it  is  less  concen¬ 
trated,  and  the  cells  may  be  swollen,  injured,  and  in  some  cases  killed. 
Placed  in  a  concentrated  sugar  solution,  the  water  of  the  cell  diffuses 
out  through  the  cell  membranes  to  the  sugar  solution,  in  which  it  is 
less  concentrated,  and  the  cell  becomes  plasmolyzed,  i.e.,  the  protoplasm 
is  shriveled.  If  the  damage  done  by  osmotic  pressure  is  not  too  great 
the  cell  may  gradually  adjust  itself  to  the  new  condition. 

Effects  of  Light  and  Other  Radiations 

Most  kinds  of  bacteria  can  make  no  direct  use  of  light,  as  green 
plants  do,  but  thrive  well  in  darkness.  A  few  of  the  red  and  purple 
bacteria  of  the  order  Thiobacteriales,  however,  can  utilize  the  energy  of 
light  and  carry  on  photosynthesis. 

Injury  by  Light. — Light  is  well  known  to  be  injurious  to  most 
kinds  of  bacteria — even  lethal  under  some  conditions.  We  have  no  con¬ 
venient  way  of  expressing  light  intensity  as  we  do  temperature,  for  ex¬ 
ample,  and  hence  it  is  not  easy  to  put  a  discussion  of  its  effects  on  a 
quantitative  basis.  The  diffuse  light  of  a  room — that  which  is  suitable 
for  reading — has  but  little  effect  on  most  kinds  of  bacteria.  Direct 
sunshine,  however,  is  highly  fatal,  killing  some  kinds  of  bacteria  in  a 
few  seconds,  others  in  a  few  minutes,  and  spores  in  a  few  hours. 

The  length  of  light  wave  is  important.  Starting  with  the  short  wave 
ultraviolet,  the  lethal  effect  lessens  as  the  wave  length  increases  to  the 
long  wave  infra-red,  which  is  relatively  harmless.  In  fact  there  is  very 
little  killing  by  light  other  than  in  the  ultraviolet  range.  Light  is  more 
injurious  in  the  presence  of  air  than  in  a  vacuum  or  an  atmosphere  of 
nitrogen. 

Limitations  to  Light  Injury. — Although  light  has  a  strong  killing 
effect  on  bacteria  under  certain  conditions,  it  should  be  realized  that 
these  conditions  are  often  modified.  Passage  of  light  through  glass  cuts 
out  most  of  the  effective  ultraviolet  rays.  Passage  of  light  through  water 
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diminishes  its  intensity  greatly,  until  at  a  depth  of  a  foot  or  so  below 
the  surface  it  is  relatively  harmless.  The  tiniest  particles  of  solid  ma¬ 
terial  are  sufficient  to  shade  bacteria  that  are  favorably  placed. 

Effects  of  Radiations  Other  Than  Light. — Radium  and  X-ray 
emanations  of  moderate  intensity  have  very  little  direct  effect  on  bac¬ 
teria.  Bacteria  are  sometimes  killed  in  tissues  so  treated,  but  their  death 
is  probably  due  to  a  change  in  their  chemical  environment  brought  about 
by  the  action  of  the  rays  on  the  tissues.  It  has  been  shown,  however, 
that  bacteria  can  be  killed  by  radium  and  by  X-rays  of  great  intensity. 

An  electrical  current,  in  itself,  appears  to  be  relatively  harmless  to 
bacteria.  Earlier  experiments  in  this  field  resulted  in  claims  of  injury, 
but  close  analysis  of  these  experiments  revealed  the  likelihood  that  in 
some  cases  germicidal  chemicals  such  as  ozone  and  chlorine,  set  free  by 
the  current,  had  been  the  lethal  agents. 

Injury  by  Mechanical  Means 

Bacteria  are  so  minute  that  they  escape  most  forms  of  mechanical 
injury  that  menace  larger  beings,  although  crushing  conceivably  takes 
place  under  some  conditions.  The  injurious  effects  of  freezing  may  be 
due  in  part  at  least  to  pressure  of  the  ice  crystals. 

Submitting  cultures  to  intense  atmospheric  pressure  has  yielded  some 
interesting  results.  Such  experiments  indicate  that  about  600  atmos¬ 
pheres  of  pressure  are  required  to  inhibit  growth,  and  that  killing  of 
vegetative  cells  requires  about  6,000  atmospheres,  while  killing  of  spores 
calls  for  about  12,000  atmospheres.  Bacteria  do  not  encounter  such 
conditions  except  under  the  influence  of  man. 

Reports  of  the  effect  of  mechanical  vibration  on  bacterial  cultures 
have  been  somewhat  conflicting.  Shaking  liquid  cultures  that  contain 
solid  particles  of  foreign  materials  such  as  glass  will,  of  course,  crush 
some  of  the  cells,  but  in  the  absence  of  such  foreign  materials  shaking  at 
low  speed  does  very  little  injury.  Vibrations  of  very  high  frequency  have 
been  shown  to  have  an  injurious  effect,  even  disintegrating  the  cells. 

The  Chemical  Environment 

Food  is,  in  a  sense,  a  part  of  the  chemical  environment,  but  it  has 
been  discussed  in  Chapter  VIII  and  will  not  be  included  here. 

Chemotaxis. — Some  free-swimming  protozoa,  algae,  bacteria,  and 
spermatozoa  are  attracted  by  certain  chemicals  and  swim  toward  them, 
while  they  are  repelled  by  other  chemicals  and  swim  away.  This  phe¬ 
nomenon  is  known  as  chemotaxis.  When  organisms  swim  toward  the 
source  of  the  chemical  stimulus  they  are  said  to  show  positive  chemotaxis 
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for  that  substance ;  when  they  swim  away  from  it  they  are  said  to  show 
negative  chemotaxis. 

Long  ago  it  was  observed  that  if  certain  kinds  of  bacteria  were  close 
to  strands  of  green  algae  which  were  giving  off  oxygen  in  the  process  of 
photosynthesis,  the  bacteria  would  swim  toward  the  algae  and  accumulate 
about  them.  They  will  also  swim  toward  diffusing  food  substances  of  cer¬ 
tain  kinds,  such  as  peptone,  but  are  indifferent  to  others,  such  as  cane 
sugar.  Toward  alcohol  and  some  acids  bacteria  show  negative  chemo¬ 
taxis.  It  must  not  be  assumed,  however,  that  chemotactic  reactions  are 
always  beneficial  to  the  organisms,  for  they  are  positively  chemotactic  to 
some  poisonous  substances,  e.g.,  mercuric  chloride. 

Protective  and  Stimulative  Chemicals. — With  regard  to  hydrogen- 
ion  concentration,  each  species  of  bacteria  has  its  maximum,  minimum, 
and  optimum.  For  many  species  the  optimum  is  about  the  neutral  point, 
i.e.,  pH  7.0.  If  bacteria  produce  an  acid  or  a  base,  this  may  accumulate 
until  it  is  injurious  to  them  unless  neutralized.  Thus  the  nitric  and 
sulfuric  acids  formed  in  the  soil  under  certain  conditions  may  be  changed 
to  the  neutral  salts  of  these  acids  by  bases,  such  as  lime ;  and  ammonia 
and  acids,  both  of  which  are  bacterial  products,  may  neutralize  each 
other.  Also,  if  buffers  are  present  they  will  minimize  the  effects  of  acids 
or  bases. 

Ions  of  zinc,  silver,  and  copper,  although  toxic  to  bacteria  even  in 
high  dilutions — e.g.,  1  to  1,000,000 — slightly  stimulate  growth  if  the 
dilution  is  high  enough.  Growth-promoting  substances,  including  some 
of  the  vitamins,  have  been  shown  to  have  a  stimulative  effect  on  bacteria. 

Injury  to  Bacteria  by  Chemicals 

Bacteria  are  subjected  to  a  wide  range  of  injurious  chemicals.  The 
great  majority  of  the  saprophytic  and  autotrophic  species  live  in  the  soil 
where  they  find  conditions  generally  favorable.  The  soil,  however,  may 
be  too  acid  or  too  alkaline,  and  in  a  few  places  salts  of  the  heavy  metals, 
especially  copper  and  iron,  have  toxic  effects. 

Antiseptics  vs.  Disinfectants.1 — For  convenience  we  use  the  term 
antiseptics  for  chemical  substances  that  inhibit  the  physiological  activities 

1  The  usage  of  terms  to  designate  chemicals  that  kill  microorganisms  is 
rather  confusing.  A  germicide  is  a  chemical  that  kills  “germs,”  but  the  word 
germ  is,  by  some,  restricted  to  bacteria,  and  by  others  made  to  include  other 
microorganisms,  especially  those  that  are  pathogenic.  The  term  “bactericide” 
is  used  for  any  chemical  that  kills  bacteria.  Disinfectant  is  often  used  as  a 
synonym  for  bactericide,  although  in  a  more  restricted  sense  it  is  an  agent 
for  killing  pathogenic  organisms.  Whether  or  not  the  agent  will  kill  re¬ 
sistant  bacterial  spores  does  not  enter  into  the  terminology.  Some  bactericides, 
for  example,  are  powerful  enough  to  kill  spores  and  some  are  not. 
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of  an  organism  without  killing  it,  and  disinfectants  for  chemicals  that 
kill.  There  are  two  difficulties  in  making  this  distinction :  ( I )  Largely 
for  purposes  of  advertising  commercial  products,  the  two  are  often  dis¬ 
cussed  interchangeably,  usually  under  the  term  “antiseptic,”  the  impli¬ 
cation  being  that  they  are  lethal,  and  (2)  the  two  groups  of  chemicals 
intergrade.  Sodium  chloride,  for  example,  is  generally  classed  as  an 
antiseptic.  In  low  concentration  it  even  has  food  value.  A  concentrated 
solution,  however,  is  fatal  to  many  of  the  more  delicate  species  of  bac¬ 
teria.  On  the  other  hand,  phenol,  and,  in  fact,  most  disinfectants,  if  in 
sufficiently  high  dilution,  are  only  antiseptic  in  their  action. 

Methods  of  Injury  by  Disinfectants. — Some  powerful  chemicals, 
such  as  concentrated  mineral  acids  and  hydroxides,  destroy  organisms 
completely,  the  action  being  in  part  hydrolysis.  Other  chemicals  kill 
without  destroying  the  cells.  The  action  of  some  of  these  chemicals  is 
understood,  but  that  of  others  is  obscure. 

( 1 )  Oxidation.  Too  rapid  oxidation  is  fatal  to  bacteria.  The 
oxidizing  disinfectants  that  are  most  familiar  are  hydrogen  peroxide 
and  potassium  permanganate.  The  disinfecting  action  of  chlorine  ap¬ 
pears  to  be  partly  due  to  the  oxygen  released  when  chlorine  and  water 
form  hydrochloric  acid  and  oxygen,  and  partly  to  the  formation  of 
chlorine  compounds  in  the  protoplasm  of  the  bacteria. 

(2)  Reduction.  The  killing  of  organisms  by  reduction  is  not  so 
common  a  method  of  disinfection  as  killing  by  oxidation.  However, 
sulfurous  acid  appears  to  kill  by  reduction,  while  formaldehyde  has  two 
methods  of  killing — reduction,  and  coagulation  of  the  protoplasm. 

(3)  Protein  Coagulation.  A  considerable  number  of  chemicals, 
some  organic  and  some  inorganic,  are  known  to  coagulate  soluble  pro¬ 
teins,  including  those  of  the  protoplasm.  The  metallic  ions  of  mercuric 
chloride,  silver  nitrate,  and  copper  sulfate  do  this,  as  do  also  phenol, 
formaldehyde,  and  alcohol. 

(4)  Plasmolysis.  Some  chemicals  that  are  harmless,  or  nearly  so, 
from  a  chemical  standpoint  are  germicidal  by  their  physical  action  in 
plasmolyzing  the  cells  if  used  in  high  concentration.  Examples  of  these 
are  cane  sugar,  glycerine,  and  sodium  chloride. 

(5)  Depression  of  Surface  Tension.  As  the  outside  of  a  cell  is  in 
contact  with  the  liquid  in  which  it  resides  there  is  on  its  wall  a  certain 
amount  of  surface  tension,  which  will  vary  with  the  character  of  the 
liquid.  Certain  soaps,  especially  castor  oil  soap,  bile  salts,  and  hexyl- 
resorcinol,  if  added  to  the  medium  in  which  the  bacteria  are  suspended, 
lower  the  surface  tension  of  the  cell  at  the  interface  with  the  liquid, 
resulting  in  its  injury.  Gram-positive  bacteria  are  more  injured  by 
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these  substances  than  Gram-negative  ones.  The  organisms  causing 
pneumonia  and  tularemia  are  killed  and  even  dissolved. 

In  killing  with  chemicals,  as  in  killing  by  heat,  the  time  element  is 
important.  An  organism  might  withstand  the  action  of  a  given  disin¬ 
fectant  in  moderate  strength  for  a  few  minutes  but  not  for  an  hour. 

Effects  of  Foreign  Substances  on  Germicidal  Action. — If  for¬ 
eign  substances  are  present  in  the  medium  in  which  the  bacteria  are 
suspended,  they  may  go  into  combination  with  the  disinfectant  and 
thus  render  it  harmless.  Easily  oxidizable  substances  thus  protect 
bacteria  from  disinfectants  that  kill  by  oxidation ;  and  milk,  blood 
serum,  or  other  materials  containing  soluble  proteins  protect  against  dis¬ 
infectants  that  coagulate  the  bacterial  protoplasm.  On  the  other  hand, 
blood  serum  has  been  shown  to  increase  the  effectiveness  of  acriflavine 
and  proflavine.  Some  colloidal  particles  tend  to  adsorb  the  disinfectant. 

Some  Specific  Disinfectants  and  Their  Uses. — Of  the  large 
number  of  chemicals  capable  of  killing  bacteria,  only  certain  ones  are 
in  general  use  as  disinfectants,  but  medical  research  is  bringing  addi¬ 
tional  ones  on  the  market. 

(1)  Metallic  Salts.  The  salts  of  the  heavy  metals  are  all  toxic 
to  bacteria. 

Mercuric  chloride  has  been  extensively  used  as  a  disinfectant  for 
wounds.  It  is  very  effective  in  an  aqueous  solution  of  1  to  IOOO,  but 
in  a  pure  state  it  does  not  dissolve  readily.  It  is,  therefore,  put  up  in 
the  form  of  tablets  of  convenient  size  containing  citric  acid,  in  the  pres¬ 
ence  of  which  it  dissolves  more  readily.  The  tablets  are  colored  as  a 
warning  against  accidental  poisoning.  Two  defects  of  this  disinfec¬ 
tant  should  be  noted.  Its  effectiveness  is  greatly  reduced  by  the  pres¬ 
ence  of  proteins  such  as  blood  serum,  and  some  people  find  it  irritating 
to  the  skin. 

Silver  nitrate  has  been  extensively  used  as  a  disinfectant  of  mucous 
membranes,  particularly  those  of  the  throat  and  eye.  To  some  extent 
it  has  been  replaced  by  hexyl-resorcinol  for  the  throat,  and  neosilvol 
for  the  eye.  It  is  too  expensive  for  use  in  large  quantities. 

Copper  sulfate  is  not  extensively  used  as  a  bactericide.  It  finds 
extensive  use  as  a  fungicide  and  as  an  algicide,  the  algae  being  par¬ 
ticularly  sensitive  to  it. 

(2)  Phenol  and  Related  Compounds.  One  of  the  disinfectants 
first  used  was  phenol.  In  a  two  per  cent  solution  it  is  very  effective 
as  a  wound  disinfectant.  A  cheap  grade  is  sometimes  used  for  the 
disinfection  of  excreta  where  considerable  quantities  are  needed.  Coal 
tar  creosote,  which  contains  a  mixture  of  cresols,  is  even  more  effective 
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as  a  wound  disinfectant,  and  its  cheapness  is  in  its  favor.  Lysol  is  a 
fifty  per  cent  mixture  of  the  cresols  of  coal  tar  creosote  and  potassium 
soaps.  It  is  miscible  with  water,  whereas  the  creosote  forms  an  emul¬ 
sion  in  water,  but  the  latter  is  just  as  effective  and  less  painful  to  a 
wound.  None  of  the  disinfectants  of  this  group  are  suitable  for  use  in 
the  mouth  because  of  their  poisonous  properties  and  disagreeable  taste. 

(3)  Formaldehyde.  This  is  a  gas  that  dissolves  readily  in  water 
to  form  a  solution  of  about  forty  per  cent.  It  is  a  powerful  disinfec¬ 
tant  but  too  irritating  for  personal  use.  Where  a  gaseous  fumigant  is 
needed  formaldehyde  is  easily  liberated  by  heat,  but  the  general  aban¬ 
donment  of  terminal  disinfection  has  relegated  it  to  an  unimportant 
position. 

(4)  Alcohol.  Absolute  alcohol  has  low  germicidal  value  because 
it  does  not  readily  penetrate  the  cell  membranes.  Mixed  with  water 
in  proper  proportions  it  will  quickly  kill  vegetative  cells.  The  per¬ 
centage  of  alcohol  that  is  most  effective  depends  on  the  species  of  bac¬ 
teria  to  be  killed  and  ranges  between  fifty  and  seventy  per  cent. 

(5)  Tincture  of  Iodine.  This  disinfectant  is  extensively  used  for 
wounds.  Its  effects  are  due  partly  to  the  alcohol  and  partly  to  the  iodine, 
the  former  being  quick  in  its  action  and  the  latter  more  lasting  after  the 
alcohol  has  evaporated.  It  is  rather  painful  to  wounds  and  no  more 
effective  than  some  other  disinfectants  that  are  less  painful. 

(6)  Chlorine  and  Its  Compounds.  Chloride  of  lime — calcium  hypo¬ 
chlorite — has  long  been  recognized  as  a  good,  cheap  disinfectant.  During 
the  World  War  a  great  impetus  was  given  to  the  use  of  chlorine  disinfec¬ 
tants  by  the  results  obtained  in  treating  wounds  with  Dakin’s  fluid,  which 
consists  chiefly  of  sodium  hypochlorite.  For  disinfecting  water  supplies 
chlorine  liquefied  under  pressure  is  used.  Chlorine  and  its  compounds 
appear  to  kill  partly  by  the  oxygen  released  when  they  are  mixed  with 
water  and  partly  by  forming  chlorine  compounds  with  constituents  of 
the  protoplasm. 

(7)  Dy  es.  A  number  of  dyes  have  been  found  to  exert  an  antiseptic 
and  even  bactericidal  action.  The  action  of  these  dyes  is  still  more  selec¬ 
tive  as  to  species  than  that  of  most  chemicals.  Crystal  violet  and  mala¬ 
chite  green  are  more  injurious  to  gram-positive  bacteria  than  to  gram¬ 
negative  species,  while  the  reverse  is  true  of  acid  fuchsin  and  brilliant 
green.  In  general,  gram-positive  organisms  are  more  injured  by  basic 
dyes,  and  gram-negative  organisms  are  more  injured  by  acid  dyes,  but 
some  exceptions  have  been  noted. 

Standardization  of  Disinfectants. — Knowledge  of  the  chemical 
composition  of  a  substance  would,  in  some  cases,  suggest  the  likelihood 
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that  it  is  or  is  not  a  good  disinfectant,  but  chemical  composition  is  not  a 
reliable  criterion,  especially  for  mixtures  of  compounds. 

The  Phenol  Coefficient. — By  actual  tests  under  standard  conditions 
much  can  be  learned  concerning  the  killing  power  of  the  different  disin¬ 
fectants.  The  method  proposed  by  Reddish  in  1928,  and  recommended 
by  the  Hygienic  Laboratory  of  United  States  Public  Health  Service, 
is  summarized  as  follows. 

The  organism  used  for  the  test  is  Eberthella  typhosa.  Sometimes 
Staphylococcus  aureus  also  is  used. 

A  series  of  dilutions  of  phenol 1  is  made  in  tubes  of  sterilized  water, 
5  cc.  in  each  tube.  A  similar  series  of  dilutions  is  made  of  the  disinfec¬ 
tant  to  be  tested.  Five-tenths  of  a  cubic  centimeter  of  a  young  bouillon 
culture  of  the  organism  is  added  to  each  dilution  tube  and  after  five 
minutes  a  transfer  is  made  to  beef  bouillon.  Two  additional  series  of 
transfers  are  made  after  the  organisms  have  been  allowed  to  remain  in 
the  disinfectant  for  ten  and  for  fifteen  minutes.  After  these  transfers 
have  incubated  for  forty-eight  hours,  notes  are  made  of  the  presence  or 
absence  of  growth. 

The  statement  of  the  bactericidal  power  of  the  disinfectant  is  made 
in  terms  of  its  strength  relative  to  that  of  phenol,  i.e.,  the  “phenol  coeffi¬ 
cient.”  Naturally  the  highest  dilution  of  the  disinfectant  that  will  kill  a 
young  culture  of  the  typhoid  organism  in  ten  minutes,  but  not  in  five,  is 
compared  with  the  highest  dilution  of  phenol  that  will  kill  under  like 
conditions.  The  following  example  may  serve  to  illustrate  this  more 
clearly. 


Dilution 

Time  of  exposure 

5  Minutes 

10  Minutes 

15  Minutes 

Disinfectant  X 

1  to  ^00 . 

Killed 

Killed 

Killed 

1  to  'KO . 

Not  killed 

Killed 

Killed 

I  to  400 . 

Not  killed 

Not  killed 

Killed 

I  to  4C0 . 

Not  killed 

Not  killed 

Not  killed 

Phenol 

1  to  90 . 

Not  killed 

Killed 

Killed 

1  to  IOO . 

Not  killed 

Not  killed 

Not  killed 

1  As  pure  phenol  is  a  solid  at  room  temperature  and  therefore  incon¬ 
venient  for  making  a  series  of  dilutions,  it  is  customary  to  make  a  stock 
solution  of  it  in  a  strength  of  1  to  20 — i.e.,  a  5  per  cent  solution — and  from 
this  solution  make  the  desired  series  of  dilutions. 
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To  figure  out  the  phenol  coefficient  the  highest  dilution  of  the  un¬ 
known  disinfectant  that  killed  in  ten  minutes  (but  not  in  five)  is  divided 
by  the  highest  dilution  of  the  phenol  that  showed  the  same  killing  power. 

350 

In  this  case  the  phenol  coefficient  would  be -  =  3.9* 

The  phenol  coefficient  of  a  disinfectant  is  of  most  value  in  deter¬ 
mining  the  dilution  at  which  it  can  be  used  effectively.  The  commonly 
accepted  criterion  is  that  the  germicidal  efficiency  of  a  disinfectant  for 
general  use  shall  be  equivalent  to  that  of  phenol  in  a  5  per  cent  solution, 
or  1  to  20.  Twenty  times  the  phenol  coefficient  number,  therefore,  is 
the  desired  strength.  Disinfectant  X  should  then  be  made  up  for  use  in 
a  dilution  of  20  X  3.9  or  1  to  79. 

Many  disinfectants  are  already  diluted  for  use  on  the  basis  of  such 
determinations  when  placed  on  the  market. 

Interrelations  of  Bacteria  in  a  Single  Environment 

In  such  materials  as  soil,  manure,  and  sewage  vast  numbers  of  bac¬ 
teria  are  closely  crowded  together.  Millions  of  individuals  per  gram  is 
the  rule.  Here  overpopulation  becomes  acute.  Not  only  is  the  number 
of  individuals  extremely  high,  but  they  represent  many  species,  all  inti¬ 
mately  associated.  The  influence  upon  each  individual  of  all  its  asso¬ 
ciates,  the  influence  upon  each  species  of  all  the  other  species,  makes  an 
interesting  picture,  so  complicated  that  our  understanding  of  it  is,  as 
yet,  very  limited.  Under  these  conditions  the  chemical  environment  of 
bacteria  is  determined  quite  largely  by  the  bacteria  themselves.  The 
following  discussion  will  bear  chiefly  on  relationships  between  associated 
species,  but  the  effects  of  one  individual  on  another  of  the  same  species 
will  not  be  overlooked. 

Indifference. — Doubtless  there  are  species  in  the  soil  that  have 
little  or  no  effect  on  each  other.  If  they  use  entirely  different  kinds  of 
food  and  do  not  injure  each  other  by  their  excretion  products,  their 
relationship  may  be  said  to  be  that  of  indifference. 

Competition. — Competition  is  chiefly  for  food.  The  available  food 
supply  is  dissolved  in  the  water  inhabited  by  the  bacteria.  If  the  amount 
of  any  kind  of  food,  or  of  oxygen,  is  inadequate,  those  that  take  it  up 
most  rapidly  deprive  the  others  and  place  them  at  a  disadvantage.  The 
rapid  feeders  multiply  more  rapidly  than  the  others  and  overgrow  them. 

Antagonism  or  Antibiosis. — Some  species  of  bacteria  can  greatly 
injure  others  or  even  kill  them.  The  lactic  acid  bacteria,  such  as  Strep- 
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Fig.  8i.  Demonstration  of  bacterial  antagonism  (antibiosis).  In  the  upper 
plate  the  colonies  of  Sarcina  lutea  were  suppressed  by  a  Bacillus  (right),  but  not 
by  an  unknown  species  (center).  In  the  lower  plate  the  symmetrical  growth  of  a 
spreader  was  prevented  by  a  Bacillus  (top). 
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tococcus  lactis ,  by  their  lactic  acid  production  create  a  condition  unfavor¬ 
able  to  the  development  of  most  putrefying  organisms,  such  as  Bacillus 
subtilis  and  Proteus  vulgaris.  Pseudomonas  aeruginosa  has  been  shown 
to  be  antagonistic  to  Staphylococcus  aureus ,  Eberthella  typhosa ,  and  a 
number  of  other  species.  The  latter  soon  succumb  to  antagonism  in  a 
septic  tank  where  intense  bacterial  action  is  taking  place. 

The  explanation  of  bacterial  antagonism  is  in  some  cases  obscure. 
That  it  is  sometimes  due  to  acid  production  is  generally  accepted,  but  in 
other  cases  the  nature  of  the  chemical  product  that  injures  organisms  of 
species  other  than  the  one  producing  it  is  not  known. 

Commensalism  or  Metabiosis. — In  commensalism  two  species  live 
together  in  such  a  relationship  that  one  profits  by  the  association  and  the 
other  neither  profits  nor  loses.  Usually  one  uses  for  food  waste  products 
of  the  other.  When  yeasts  form  alcohol,  bacteria  of  the  genus  Aceto- 
bacter  use  it  and  form  acetic  acid.  The  acetic  acid,  in  turn,  may  be  used 
by  molds.  When  organisms  such  as  Bacillus  subtilis  or  molds  change 
starch  into  sugar,  any  organism  that  can  get  some  of  the  sugar  benefits 
by  the  association.  When  aerobes  consume  the  dissolved  oxygen,  condi¬ 
tions  are  made  more  favorable  for  strict  anaerobes. 

Symbiosis. — In  symbiosis  each  of  the  two  species  associated  receives 
some  form  of  benefit.  Such  relationships  are  of  common  occurrence  in 
different  parts  of  the  plant  and  animal  kingdoms.  One  commonly  cited 
is  that  between  the  fungus  and  the  alga  in  a  lichen.  Another  is  the  asso¬ 
ciation  between  bacteria  of  the  genus  Rhizobium  and  higher  plants  in 
the  family  Leguminosae,  which  includes  peas,  beans,  clovers,  alfalfa,  etc. 
In  this  case  the  bacteria  gain  access  to  the  roots  through  the  root  hairs. 
Once  inside,  they  behave  in  some  respects  like  parasites,  stimulating 
abnormal  cell  division  in  the  host  and  causing  the  formation  of  nodules. 
The  bacteria  benefit  by  receiving  carbohydrate  food  from  the  legume,  and 
the  legume  benefits  by  receiving  nitrogen  compounds  “fixed”  by  the  bac¬ 
teria  from  the  free  nitrogen  of  the  soil.  Bacteria  of  the  genus  Azoto- 
bacter  may  live  symbiotically  in  the  soil  with  blue-green  or  green  algae. 
For  their  mutual  benefit  the  algae  furnish  the  carbohydrates  through 
photosynthesis,  and  the  bacteria  furnish  the  nitrogen  compounds  through 
nitrogen  fixation.  In  this  case  the  symbiosis  may  border  on  commensalism 
in  soils  where  the  algae  find  sufficient  nitrates  without  the  bacteria. 

Symbiosis  may  also  occur  between  two  bacterial  species.  Aerobes 
living  with  anaerobes  in  the  soil  aid  them  in  two  ways :  ( i )  by  relieving 
them  of  the  presence  of  free  oxygen,  and  (2)  by  secreting  catalase,  which 
destroys  the  injurious  hydrogen  peroxide  produced  by  the  anaerobes.  If 
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the  anaerobe  does  nothing  of  benefit  to  the  aerobe  the  relationship  is 
commensalism,  but  if  it  produces  an  exoenzyme  or  other  substance  which 
serves  the  aerobe  directly  or  indirectly,  as  by  the  digestion  of  cellulose, 
the  relationship  is  symbiotic. 

Synergism. — In  synergism  organisms  of  two  species  can  bring  about 
chemical  changes  that  neither  alone  could  accomplish.  Thus  in  the  fer¬ 
mentation  of  disaccharides  such  as  sucrose  or  lactose  with  gas  production, 
two  species  may  be  required,  as  neither  can  accomplish  this  feat  alone. 
One  changes  the  disaccharide  to  a  monosaccharide,  as  glucose,  and  the 
other  ferments  the  monosaccharide  with  the  production  of  acids  and  gas. 

If,  in  a  synergistic  action,  the  process  is  beneficial  to  both  species  the 
relationship  is  also  to  be  classed  as  symbiosis. 

A  Complicated  Situation. — Thus  far  we  have  considered  various 
interrelationships  of  species  as  though  each  occurred  alone.  Probably 
such  is  the  case  at  times.  We  must  remember,  however,  that  in  such 
materials  as  fertile  soils,  manure  heaps,  and  sewage,  numerous  species 
and  vast  numbers  of  individuals  are  closely  associated,  each  one,  as  a 
rule,  having  some  effect  on  each  of  the  others.  Here  the  picture  becomes 
complicated  beyond  our  comprehension. 

In  our  pure  culture  studies  of  bacteria  we  can  test  the  effect  of  each 
environmental  factor  alone,  and  we  gain  thereby  certain  definite  impres¬ 
sions  of  the  species  under  consideration ;  but  the  life  and  behavior  of  the 
same  species  in  its  natural  environment,  which  is  often  that  of  a  tremen¬ 
dously  mixed  culture,  may  be  quite  different. 

Review  Questions 

1.  Give  three  examples  of  physical  environment  and  three  of  chemical 

environment. 

2.  Give  an  example  of  a  physical  change  in  the  environment  and  one  of  a 

chemical  change  in  the  environment,  brought  about  by  the  bacteria 

themselves. 

3.  What  factors  enter  into  the  destruction  of  bacteria  by  heat?  Define 

the  thermal  death  point  of  bacteria. 

4.  Why  does  glassware  have  to  be  heated  either  hotter  or  longer  than 

culture  media  by  the  methods  commonly  used  for  them? 

5.  When  the  thermal  death  time  is  determined,  what  factor  is  held  con¬ 

stant? 

6.  Name  an  organism  that  may  be  killed  by  a  temperature  between  room 

temperature  and  the  freezing  point. 

7.  If  you  wanted  to  kill  a  tube  culture  by  freezing  in  the  shortest  possible 

time,  how  would  you  proceed? 
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8.  To  which  are  spores  more  resistant,  heat  or  cold  (compared  with 

vegetative  cells)  ?  Make  the  same  comparison  between  dryness  and 
light. 

9.  Give  a  grouping  of  bacteria  on  the  basis  of  temperatures  most  favorable 

to  them,  using  technical  terms  and  defining  them.  Is  the  optimum 
temperature  for  physiological  activities  generally  closer  to  the  min¬ 
imum  or  the  maximum  or  halfway  between? 

10.  Under  what  conditions  can  too  much  water  result  in  injury  to  bacteria? 

11.  Give  evidence  that  one  way  in  which  light  injures  bacteria  is  by  increas¬ 

ing  chemical  action. 

12.  What  conditions  affect  the  amount  of  desiccation  that  bacteria  can 

withstand  ? 

13.  How  can  bacteria  change  their  environment  to  their  own  detriment? 

14.  Explain  how  bacteria  may  be  injured:  (a)  by  a  sugar  solution,  ( b )  by 

distilled  water. 

15.  Define  and  give  an  example  of  chemotaxis. 

16.  What  benefit  do  bacteria  receive  from  living  close  to  an  alga? 

17.  Give  evidence  that  positive  chemotaxis  may  sometimes  be  harmful  to 

bacteria. 

18.  How  can  an  organism  benefit  by  the  presence  of  a  buffer  in  the  culture 

medium  ? 

19.  Explain  how  antiseptics  and  disinfectants  intergrade. 

20.  Give  three  ways  by  which  disinfectants  kill  bacteria,  with  two  examples 

of  disinfectants  that  kill  in  each  way.  Explain  how  blood  or  milk 
may  protect  bacteria  from  the  action  of  a  disinfectant. 

21.  Explain  in  a  general  way  how  the  killing  power  of  a  disinfectant  is 

determined.  If  a  disinfectant  has  a  phenol  coefficient  of  five,  what 
dilution  of  it  should  be  made  for  general  use  where  spore  formers 
are  to  be  killed? 

22.  Name  the  interrelations  that  exist  among  species  closely  associated  in 

the  soil  and  define  the  terms  used. 
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MOLDS  AND  THEIR  ECONOMIC  SIGNIFICANCE 

There  are  a  vast  number  of  lower  plants — more  than  55,000  named 
species — that  form  the  great  group  fungi.1  Some  of  the  best  known  of 
the  group  are  the  mushrooms,  the  puffballs,  the  rusts  and  smuts,  and  the 
mildews  and  molds. 

Morphology. — Two  characters  are  found  in  common  among  the 
fungi :  ( 1 )  lack  of  chlorophyll,  which  makes  photosynthesis  impossible, 
with  consequent  dependence  upon  organic  matter  for  food;  (2)  a  thread¬ 


like  plant  body,  the  mycelium ,  distinct  from  the  reproductive  stage.  In 
the  puffballs,  mushrooms,  and  a  few  other  large  fleshy  kinds,  the  my¬ 
celium  forms  a  compact  mass  of  considerable  size.  In  the  others  it  con¬ 
sists  of  a  loose  mass  of  branching  threads.  In  some  classes  of  fungi  the 
mycelium  is  septate,  i.e.,  it  is  divided  into  cells  by  cross-walls.  In  other 
kinds  it  has  no  such  cross-walls  and  is  called  non-septate.  The  mycelium 
is  generally  much  branched,  each  branch  being  a  hypha  (plural  hyphae). 
Both  asexual  and  sexual  reproduction  are  found  in  most  kinds  of  fungi. 

1  Some  authorities  use  this  term  for  all  the  simple  forms  of  plant  life 
that  lack  chlorophyll.  Others  restrict  it,  as  is  done  here,  by  the  exclusion 
of  the  bacteria  and  the  slime  molds. 
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In  asexual  reproduction  microscopic  spores ,  which  are  usually  one- 
celled,  are  produced  in  several  ways.  In  some  kinds  of  fungi  they  are 
formed  within  a  spore  case,  or  sporangium,  by  a  process  of  cleavage  which 
divides  the  multinucleate  mass  of  protoplasm  that  fills  the  young  sporan¬ 
gium  into  many  spores  which  then  round  up  and  form  walls  about  them¬ 
selves.  In  other  kinds  of  fungi  conidia  are  formed.  These  simply  pinch 
off  by  constriction,  either  singly  or  in  chains,  from  the  tips  of  special 
hyphae.  In  some  species  the  cells  of  the  mycelium  change  over  into 
spores.  If  these  develop  thick  walls,  as  in  the  smut  fungi,  they  are  called 
chlamydospores.  If  they  remain  relatively  undifferentiated  they  are 
called  oidia.  These  asexual  methods  of  spore  formation  proceed  with 


Fig.  83.  Methods  of  asexual  spore  formation  by  fungi. 


great  rapidity,  thousands  of  spores  being  formed  in  a  single  day  in  a 
well-nourished  fungus. 

Sexual  reproduction  takes  place  in  most  species  of  fungi.  The 
gametes  that  unite  may  both  be  on  the  same  plant  or  they  may  be  on 
different  plants.  They  may  be  of  the  same  size  or  one  may  be  large  and 
the  other  small. 

The  spores  of  fungi  form  new  plants  by  a  simple  process  of  germina¬ 
tion  and  growth.  In  the  presence  of  moisture  the  spore  swells  and  pushes 
out  one  or  more  germ  tubes,  which  absorb  food  and  grow  and  branch 
into  a  young  mycelium. 

The  fungi  have  very  definite  nuclei — one,  two,  or  more  in  each  cell. 
They  divide  by  mitosis,  and  in  some  species  the  number  of  chromosomes 
has  been  determined. 
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The  cell  walls  are  made  of  carbohydrate  material  similar  to  the  cellu¬ 
lose  of  higher  plants  but  not  identical  with  it.  It  is  sometimes  called 
“fungus  cellulose.” 

Classification. — The  fungi  are  commonly  divided  into  three  great 
classes,  the  Phycomycetes,  the  Ascomycetes,  and  the  Basidiomycetes. 

The  Phycomycetes  are  characterized  by  a  non-septate  mycelium, 
asexual  reproduction  by  spores  formed  by  cleavage  within  sporangia,  and 


Fig.  84.  Spores  of  Rhizopus  germinating  and  forming  new  plants.  From 
Swingle’s  Plant  Life .  D.  Van  Nostrand  Co.,  Inc. 

sexual  reproduction  by  a  simple  and  direct  union  of  gametes  to  form 
zygospores  or  oospores.  Familiar  examples  are  the  bread  mold,  Rhizopus 
nigricans ;  the  plant  parasite,  Phytophthora  infestans,  which  causes  the 
destructive  disease,  late  blight  of  potatoes;  and  several  species  of  the 
water  mold,  Saprolegnia,  which  attacks  fishes. 

The  Ascomycetes  have  a  septate  mycelium,  asexual  reproduction  in 
most  species  through  conidial  spores  cut  off  from  the  tips  of  special  hyphae 
by  constriction,  and  sexual  reproduction  by  conjugation  followed  by  the 
formation  of  eight  ascospores  (less  commonly  four)  through  free  cell 
formation  within  a  sac  or  ascus.  Morels  and  truffles  are  among  the 
larger  edible  forms,  and  many  mildews  and  molds  make  up  the  smaller 
forms,  most  common  of  which  is  the  blue  or  green  mold,  Penicillium , 
that  attacks  citrus  fruits,  grapes,  and  a  great  number  of  other  organic 
materials. 

The  Basidiomycetes  have  a  septate  mycelium  and  form  spores,  usually 
four  in  number,  on  a  club-shaped  stalk,  or  basidium.  Their  reproduction 
is  rather  complicated,  and  the  distinction  between  asexual  and  sexual  re¬ 
production  is  difficult.  When  gamete  nuclei  come  together  they  do  not 
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unite  at  once  but  form  binucleate  cells  that  divide  and  remain  binucleate 
for  a  considerable  time  until  a  definite  stage  in  the  life  history  is  reached. 
The  Basidiomycetes  include  the  puffballs,  mushrooms,  bracket  fungi, 
rusts,  smuts,  and  some  others. 

The  Fungi  Imperfecti  are  not  a  homogeneous  class  but  consist  of  a 
large  number  of  species  that,  through  evolutionary  processes,  have  lost 
their  power  of  sexual  reproduction.  The  great  majority  appear  to  be 
Ascomycetes  that  no  longer  produce  ascospores.  Many  of  them  are  im¬ 
portant  as  causes  of  plant  disease  and  as  agents  of  food  spoilage. 

Physiology. — There  is  evidence  for  believing  that  fungi  originated 
from  algae  by  loss  of  chlorophyll.  Coincident  with  this  change  they 
quite  generally  ceased  to  be  aquatic  and  took  up  a  terrestrial  habit.  In 
general  they  thrive  on  media  where  the  moisture  content  is  much  less 
than  that  required  by  bacteria.  With  few  exceptions  they  are  aerobic. 

The  reproductive  spores,  especially  those  that  are  formed  asexually, 
are  usually  borne  on  stalks  that  extend  into  the  air  and  thus  facilitate 
distribution  by  the  wind.  They  are  relatively  resistant  to  light  and 
dryness. 

The  majority  of  fungi  are  saprophytic,  living  on  plant  and  animal 
bodies  and  aiding  in  the  decay  of  such  materials.  In  general,  their  power 
of  producing  cellulose-destroying  enzymes  greatly  exceeds  that  of  the 
bacteria.  Many  show  a  preference  for  an  acid  medium. 

Other  fungi  are  parasitic,  most  commonly  on  plants.  Many  hun¬ 
dreds  of  plant  diseases  are  caused  by  them,  some,  like  the  rusts  and  smuts, 
being  of  tremendous  importance.  Relatively  few  are  responsible  for 
diseases  of  animals  or  human  beings.  There  are,  however,  about  a  half- 
dozen  human  diseases  of  considerable  importance  caused  by  fungi.  These 
include  ringworm  and  athletes’  foot,  which  are  mild  diseases  of  the  skin, 
and  aspergillosis,  a  rare  but  highly  fatal  disease  of  the  lungs  of  man  and 
other  animals,  especially  birds. 

The  Molds  a  Miscellaneous  Group 

As  a  matter  of  convenience  we  have  applied  the  term  molds  to  cer¬ 
tain  members  of  the  three  classes  of  fungi.  Most  of  them  are  Fungi 
hnperfecti ,  Ascomycetes,  and  Phycomycetes,  and  only  a  very  few  are 
Basidiomycetes. 

The  molds  are  characterized  by  a  threadlike  structure  and  relatively 
small  size.  Although  much  smaller  than  the  so-called  fleshy  fungi — 
mushrooms,  etc. — they  are  easily  seen  with  the  unaided  eye.  They  are 
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of  nearly  all  colors  but  are  very  commonly  white  or  nearly  black.  Their 
powers  of  reproduction  are  often  enormous.  Thousands,  and  even  hun¬ 
dreds  of  thousands,  of  spores  may  be  produced  by  a  single  mold  plant. 

As  a  rule  the  spores  of  molds  are  not  injured  by  light,  by  freezing,  or 
by  drying,  and  they  are  blown  about  by  the  wind  in  such  numbers  that 
they  are  found  almost  everywhere.  They  are  not,  however,  especially 
resistant  to  chemicals  or  to  heat.  Few  can  resist  boiling  for  even  a  few 
seconds. 

Most  of  the  species  of  fungi  classed  as  molds  are  saprophytes,  living 
on  plant  materials  and  causing  extensive  spoilage  of  fruits  and  vegetables, 
less  frequently  of  meats.  The  abundance 
of  mold  spores  in  the  air  in  and  around 
human  habitations  can  be  demonstrated  by 
exposing  Petri  dishes  of  nutrient  agar  or 
pieces  of  moist  bread  for  a  few  minutes. 

The  resulting  growth  that  appears  in  a  few 
days  is  quite  convincing. 


Somes  Common  Molds  and  Their 
Significance 


Although  there  are  hundreds  of  species 
of  mold,  only  a  few  need  be  considered  in 
a  textbook  of  bacteriology. 

Mucor. — There  are  many  species  in  this 
genus,  but  a  general  description  applicable 
to  all  will  suffice  here.  The  plants  are  white 
when  young,  but  some  turn  dark  with  age. 
A  single  spore  germinating  on  a  favorable 
solid  substratum,  such  as  manure,  will  form 
a  mass  of  cottony  mycelium  several  inches 
in  diameter.  Alucor  belongs  to  the  class 
Phycomycetes,  and,  as  would  be  expected, 
the  mycelium  is  non-septate.  Part  of  it  is 
aerial,  and  part  of  it  penetrates  the  substra¬ 
tum  from  which  it  rapidly  absorbs  nourish¬ 
ment. 


Fig.  85.  Mucor.  Non- 
septate  mycelium  with  a 
sporangiophore  bearing  a 
sporangium  (asexual). 


When  the  aerial  mycelium  has  made  considerable  growth  it  starts 
reproduction.  Certain  hyphae  grow  straight  up  and  become  sporcingio- 
phores.  Each  of  these  swells  at  the  tip  and  thus  forms  a  spherical 
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sporangium ,  or  spore  case.  The  protoplasm,  containing  numerous  tiny 
nuclei,  crowds  to  the  upper  and  outer  part  of  the  sporangium  and  is  cut 


Fig.  86.  Mucor.  Stages  in  zygospore  formation. 


Fig.  87.  Rhizopus  nigricans  growing  on  moist  bread  in  culture  dish.  From 
Swingle’s  Plant  Life.  D.  Van  Nostrand  Co.,  Inc. 

off  from  the  less  dense  inner  and  lower  portion  by  a  wall,  thus  forming 
a  columella.  The  dense  portion  is  then  divided  into  spores,  presumably 
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by  the  process  of  cleavage.  The  sporangium  becomes  ruptured  and  the 
spores  blow  away.  Few  of  these  find  favorable  places  for  growth,  but 
those  that  do  make  new  plants  and  perpetuate  the  species. 

Sexual  reproduction  also  takes  place  in  Mucor.  Two  stocky  branches 
grow  toward  each  other,  each  forms  a  multinucleate  gamete  at  the  tip, 
and  the  two  fuse  and  thus  form  a  zygospore.  This  covers  itself  with  a 
thick,  black,  protective  wall.  Under  favorable  conditions  this  zygospore 
germinates  by  sending  out  a  sporangiophore  which  bears  a  sporangium 
of  spores  similar  to  that  just  described  in  asexual  reproduction. 


Fig.  88.  Rhizopus  nigricans.  Plant  spreading  by  stolons.  From  Swingle’s  Plant 

Life.  D.  Van  Nostrand  Co.,  Inc. 


The  different  species  of  Mucor  grow  commonly  on  various  kinds  of 
organic  matter,  especially  the  fresh  dung  of  different  animals.  They 
probably  contribute  in  some  measure  to  the  building  of  fertile  soils. 
Two  species,  M.  rouxii  and  M.  oryzae,  have  some  commercial  value  in 
changing  starch  to  sugar,  to  be  fermented  later  by  yeasts  in  the  produc¬ 
tion  of  alcohol.  Mucors  are  sometimes  troublesome  as  a  cause  of  spoil¬ 
age  in  foods,  especially  fresh  strawberries. 

Rhizopus  nigricans. — This  fungus  is  commonly  used  for  study  in 
classes  of  general  botany  because  of  its  large  size,  ease  of  culture  on  moist 
bread,  and  representative  characters  of  the  class  Phycomycetes.  It  is 
very  similar  to  Mucor  but  differs  in  one  respect.  The  mycelium  pro¬ 
duces  a  great  woolly  mass  of  stolons ,  or  runners,  that  grow  horizontally 
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and  touch  the  substratum  at  intervals  where  they  form  false  roots,  or 
rhizoids.  At  each  of  these  points  the  plant  produces  a  cluster  of 
sporangiophores  bearing  sporangia  that  form  spores  by  cleavage. 

For  sexual  reproduction  two  strains  of  Rhizopus  nigricans  are  re¬ 
quired.  These  are  generally  called  plus  and  minus  rather  than  male 
and  female.  Each  of  these  strains  forms  gametes  that  are  capable  of 
fusing  with  the  opposite  kind  but  not  with  each  other.  The  sexual 
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Fig.  89.  Rhizopus  nigricans.  Stages  in  spore  formation  by  cleavage. 
Swingle’s  Pla?it  Life.  D.  Van  Nostrand  Co.,  Inc. 


From 


reproduction  of  Rhizopus  nigricans  is  similar  to  that  just  described  for 
Mucor,  but  is  relatively  unimportant,  as  the  zygospores  rarely  germinate. 

The  term  “bread  mold”  is  commonly  applied  to  this  fungus,  but 
though  it  is  cultured  on  this  medium  for  laboratory  study  it  seldom  is 
seen  on  bread  under  natural  conditions,  at  least  in  America.  This  mold 
is  one  of  the  most  important  in  food  spoilage,  as  it  causes  a  rapid  decay 
of  peaches,  strawberries,  carrots,  and  many  other  things. 
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Penicillium. — The  commonest  of  all  living  things,  at  least  in  and 
about  human  habitations,  are  the  Penicilliums,  of  which  there  are  many 
species.  On  fruits  and  organic  matter  of  various  kinds  they  form  green 


or  bluish  moldy  patches,  often 
several  inches  in  diameter.  The 
mycelium  is  septate  and  very 
short,  rising  only  a  small  frac¬ 
tion  of  an  inch  above  the  surface 
of  the  substratum.  Vigorously 
growing  patches  of  Penicillium 
often  show  well-defined  concen¬ 
tric  rings. 


Fig.  90.  Penicillium.  Septate 
mycelium  producing  conidia.  From 
Swingle’s  Plant  Life.  D.  Van 
Nostrand  Co.,  Inc. 


Fig.  91.  A spergillus.  Septate  mycel¬ 
ium  producing  conidia. 


The  different  species  of  this  genus  are  morphologically  so  much  alike 
that  they  are  hard  to  distinguish  from  each  other.  Asexual  spores  are 
produced  by  constriction  at  the  tips  of  branching  sporophores .  The 
number  produced  by  each  plant  is  enormous — sometimes  hundreds  of 
thousands.  They  belong  to  the  class  Ascomycetes,  but  ascospore  forma¬ 
tion  rarely  occurs.  They  have  almost  become  Fungi  Imperfecti . 

The  Penicilliums  are  important  scavengers,  contributing  much  to 
the  decay  of  plant  refuse.  As  causes  of  food  spoilage  they  take  first 


152  MOLDS  AND  THEIR  ECONOMIC  SIGNIFICANCE 


place  among  the  molds.  Two  species  are  of  value  in  food  manufacture. 
P.  roquefortii  is  the  green  mold  that  gives  the  characteristic  appearance 
and  flavor  to  Roquefort  cheese,  and  P.  camembertii  plays  a  similar  part 
in  Camembert  cheese. 

Aspergillus. — This  genus  of  fungi  is  closely  related  to  Penicillium 
and  similar  in  morphology,  physiology,  and  habitat.  In  color  the  dif- 


Fig.  92.  Aspergillus  nidulans.  Young  Fig.  93.  Alternaria .  Septate  my- 
and  mature  asci  and  ascospores.  Redrawn  celium  producing  multicellular  spores 
from  Eidam.  in  chains. 


ferent  species  of  Aspergillus  vary  greatly.  Some  show  various  shades 
of  yellow,  green,  and  brown,  while  A.  niger  is  jet  black. 

The  asexual  fruiting  bodies  differ  somewhat  from  those  of  Penicil¬ 
lium.  Each  consists  of  a  conidiophore  expanded  into  a  bulbous  tip, 
and  from  this  swollen  portion  there  radiate  numerous  sterigmata ,  each 
bearing  a  chain  of  conidia,  the  entire  fruiting  body  having  the  form  of  a 
spherical  head.  Ascospore  formation  is  comparatively  rare. 

The  economic  significance  of  the  Aspergilli  is  much  the  same  as  that 
of  the  Penicilliums  except  that  they  are  not  quite  so  common  and  have 
no  part  in  cheese  making.  Some  species  are  capable  of  carrying  on  rather 
active  fermentation  of  glucose  to  form  alcohol.  Aspergillus  furnigatus 
sometimes  causes  a  deadly  lung  disease  of  birds  and  other  animals  and 
occasionally  man. 

Cladosporium. — The  genus  Cladosporium  belongs  to  the  Fungi 
Imperfectij  producing  conidia  on  a  short,  dark-colored,  septate  mycelium 
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but  no  ascospores.  Some  of  these  conidia  are  one-celled,  others  two- 
celled. 

These  molds  are  common  on  decaying  vegetation  and  sometimes 
cause  spoilage  of  foods.  In  damp  regions  they  sometimes  form  mildew 
spots  on  freshly  washed  clothes  that  have  been  slow  in  drying. 

Alternaria. — The  Alternarias  likewise  belong  to  the  Fungi  Im¬ 
perfect i,  as  they  have  no  sexual  stage.  The  mycelium  is  very  dark,  short, 
and  septate.  The  conidia  differ  strikingly  in  appearance  from  those  of 
most  fungi,  as  they  are  several-celled  and  borne  end  to  end  in  chains. 

Several  species  are  parasitic  on  plants,  causing  important  diseases, 
for  example,  early  blight  of  potatoes.  One  causes  a  black  rot  of  ripe 
tomatoes. 

Fusarium. — These  fungi  are  transitional  between  the  Ascomycetes 
and  the  Fungi  Imperfecti,  as  some  species  form  ascospores  and  are  there¬ 
fore  given  a  different  generic  name,  while  others  do  not  and  are  called 
Fusarium.  They  are  generally  white,  pinkish,  or  orange-colored.  They 
can  be  recognized  by  their  conidia,  which  are  crescent-shaped  and  usually 
two-  to  four-celled. 

Several  species  are  responsible  for  dry-rots  of  potatoes  in  storage. 
Others  cause  root-rots  and  other  diseases  of  growing  plants. 

Oospora  (Oidium). — These  members  of  the  Fungi  Imperfecti  are 
generally  white  or  yellowish  and  form  spores  by  dividing  the  mycelium 
into  short  segments.  Oospora  lactis  grows  in  sour  milk  and  may  be 
found  in  some  kinds  of  cheese. 

Review  Questions 

1.  Give  a  broad  and  a  restricted  use  of  the  term  fungi. 

2.  What  is  supposed  to  be  the  evolutionary  origin  of  the  fungi?  What 

is  the  color  of  most  fungi? 

3.  How  do  the  fungi  obtain  carbonaceous  food? 

4.  What  is  the  distinction  between  the  terms  fungus  and  mold ? 

5.  Describe  the  vegetative  body  of  a  mold. 

6.  Name  the  three  great  classes  of  fungi.  What  are  Fungi  Imperfecti ? 

7.  To  which  class  does  the  bread  mold  Rhizopus  nigricans  belong?  To 

which  class  does  the  blue  mold  Penicillium  belong? 

8.  Describe  spore  formation  in  Rhizopus.  Describe  spore  formation  in 

Penicillium. 

9.  Describe  the  appearance  of  the  spores  characteristic  of  each  of  the 

following:  (a)  Alternaria,  ( b )  Fusarium. 

10.  Give  the  economic  significance,  beneficial  and  harmful,  of  the  molds. 


CHAPTER  XII 


YEASTS  AND  YEASTLIKE  FUNGI 

There  is  evidence  that  one  or  more  lines  of  the  ascomycetous  fungi 
underwent  evolutionary  changes  that  resulted  in  a  loss  of  mycelium  and 
the  formation  of  the  yeasts  and  yeastlike  plants  of  today.  There  is  no 
reason  for  supposing  that  they  are  closely  related  to  the  bacteria. 

The  distinguishing  characteristics  of  these  fungi  are  lack  of  a  well- 
developed  mycelium  and  reproduction  by  budding,  by  simple  fission,  or 
both.  It  seems  not  unlikely  that  these  characteristics  may  have  been 
evolved  separately  by  different  groups  of  Ascomycetes. 

Morphology  of  Yeast  Fungi 

Some  confusion  exists  with  regard  to  the  use  of  the  term  “yeast”  or 
“yeast  plant.”  Some  use  it  in  a  broad  sense  to  include  all  true  fungi 
composed  of  single  cells  or  cells  loosely  attached  and  not  forming  a 
definite  mycelium.  Others  restrict  it  to  a  few  genera  in  which  the 
chief  method  of  propagation  is  by  budding.  For  convenience  this  book 
will  follow  the  custom  of  calling  these  budding  forms  which  also  form 
spores  the  “true  yeasts”  and  the  others  “yeastlike  plants.”  The  line 
cannot  be  sharply  drawn,  as  the  same  species  may  reproduce  by  budding 
or  by  constriction,  depending  upon  conditions. 

In  shape  the  cells  are  usually  ellipsoidal,  but  vary  from  spherical  to 
very  much  elongated.  Following  division  they  may  remain  attached  to 
form  chains  or  even  a  short  mycelium.  The  walls  of  the  cells  are  thin 
and  composed  of  “fungus  cellulose.” 

Reproduction. — Among  the  different  yeasts  and  yeastlike  fungi  four 
methods  of  reproduction  have  been  described. 

( i )  Budding.  In  this  process,  which  is  not  confined  to  yeastlike 
plants,  a  limited  area  of  the  cell  wall  softens  and  internal  pressure  causes 
a  bulging  at  that  point,  thus  forming  a  miniature  of  the  mother  cell. 
The  nucleus  divides  by  mitosis,  and  one  daughter  nucleus  migrates  into 
the  newly  formed  bud.  This  is  now  cut  off  from  the  old  cell  by  the 
process  of  constriction.  Not  infrequently  two  or  more  buds  are  pro- 
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duced  almost  simultaneously,  and  before  a  bud  has  reached  its  full  size 
it  may  start  one  or  more  new  ones.  Sometimes  the  newly  formed  cells 
cling  together  for  a  time  to  form  a  colony,  which  may  somewhat  re¬ 
semble  a  branching  mycelium  if  the  cells  are  elongated  in  shape.  Budding 
is  also  known  to  take  place  from  cells  in  a  definite  mycelium. 

(2)  Constriction .  In  some  fungi  of  this  group  the  cells  divide  by 
constriction  as  they  do  in  a  mycelium.  This  is  a  common  and  natural 
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Fig.  94.  Reproduction  in  yeasts.  From  Swingle’s  Plant  Life.  D.  Van  Nostrand 

Co.,  Inc. 

/ 

method  of  cell  division  for  cylindrical  cells  such  as  are  found  in  fungi, 
algae,  and  bacteria. 

(3)  Ascospores.  The  majority  of  the  species  that  make  up  this 
group  occasionally  form  spores  within  the  cells.  The  number  in  each 
cell  varies  with  the  species  from  one  to  eight.  Four  is  the  most  com¬ 
mon  number.  Whether  or  not  these  spores  are  produced  by  free  cell 
formation  as  in  the  other  ascomycetes  has  not  been  demonstrated. 
They  are  not  especially  resistant  to  heat  and  chemicals,  as  are  the  spores 
of  bacteria,  and  are  not  to  be  regarded  as  homologous  with  them. 

In  some  species  cell  and  nuclear  fusions  precede  the  formation  of 
the  asci,  the  gametes  having  the  appearance  of  ordinary  cells.  If  such 
fusions  fail  to  take  place,  either  one  of  the  potential  gametes  may  de¬ 
velop  and  produce  spores  by  parthenogenesis.  In  other  species  similar 
fusions  of  the  spores  themselves  have  been  reported.  Here  again  we 
have  evidence  against  any  close  relationship  between  the  yeasts  and  the 
bacteria. 

(4)  Exospores.  A  few  rare  species  of  yeastlike  fungi  produce 
spores  from  the  tips  of  sterigmata,  or  slender  stalks  that  grow  out  from 
the  mother  cell,  by  a  process  resembling  budding. 
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Differences  between  Yeasts  and  Bacteria. — As  careless  usage  has 
given  many  students  the  impression  that  bacteria  and  yeasts  arc  closely 
related,  evidence  bearing  on  the  subject  is  given  below. 


COMPARISON  OF  BACTERIA  AND  YEAST  PLANTS 


Bacteria 

Yeast  plants 

Structure 

Chlorophyll 

Cell  wall 

Nuclei 

Cell  division 
Conjugation 
Ascospores 

Closest  relatives 

Unicellular 

Lacking 

Carbohydrate  (?) 
Difluse 
Constriction 
Lacking 

Lacking 

Blue-green  algae 

Unicellular 

Lacking 

Nitrogenous 

Definite 

Budding 

Present 

Present 

Ascomycetes 

This  table  of  comparisons  calls  for  some  explanation.  The  fact 
that  these  two  groups  are  unicellular  and  lack  chlorophyll  has  been 
accepted  by  some  as  sufficient  evidence  of  a  close  relationship,  but  it 
must  be  remembered  ( i )  that  there  are  many  other  unicellular  forms — 
algae,  protozoa,  etc. — and  (2)  that  absence  of  chlorophyll  is  a  wide¬ 
spread  phenomenon,  extending  even  to  some  flowering  plants.  These 
evidences  of  relationship,  therefore,  are  rather  weak. 

The  cell  walls  of  bacteria  are  of  unknown  composition  but  very 
different  from  the  “fungus  cellulose”  of  the  yeasts  and  other  fungi. 

Conjugation  is  apparently  lacking  in  some  species  of  yeasts,  but  it 
is  unquestionably  present  in  others. 

Some  yeasts  produce  spores,  four  to  a  cell,  suggestive  of  ascospores 
and  very  different  from  the  resistant  endospores  of  the  Bacillaceae. 

Taking  account  of  all  characters,  the  evidence  points  to  a  close 
relationship  between  the  bacteria  and  the  blue-green  algae,  both  of 
which  have  diffuse  nuclei  and  lack  sexuality,  and  between  the  yeasts 
and  the  ascomycetes,  but  only  a  distant  relationship  between  the  bacteria 
and  the  yeasts. 

Some  Representative  Yeast  Fungi 

From  the  miscellaneous  assortment  of  yeasts  and  yeastlike  plants 
the  following  are  selected  for  further  study. 

Saccharomyces  cerevisiae. — This  species,  the  best  known,  is  typical 
of  the  true  yeasts,  as  well  as  being  the  one  of  greatest  economic  im- 
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portance.  The  cells  are  nearly  spherical  and  rather  variable  in  size, 
generally  about  six  to  eight  microns  in  diameter.  The  wall  is  of  car¬ 
bohydrate  material  but  not  true  cellulose.  Besides  a  single  nucleus, 
which  divides  by  mitosis,  they  contain  vacuoles  and  granules  of  glycogen 
and  volutin  and  droplets  of  oil.  The  vacuoles  often  contain  numerous 
granules.  Asexual  reproduction  is  by  budding,  which  goes  on  very 
rapidly  under  favorable  conditions.  Spore  formation  takes  place  under 
certain  conditions,  particularly  if  the  temperature  is  suitable — about 
25 0  C. — and  there  is  abundant  aeration.  Usually  four  spores  are  formed 
inside  a  cell,  but  there  are  sometimes  two  or  eight.  In  this  genus 
the  process  is  not  preceded  by  conjugation. 

The  economic  importance  of  this  yeast  lies  in  its  rapid  fermentation 
of  sugars  with  the  formation  of  alcohol  and  carbon  dioxide.  In  the 
presence  of  abundant  oxygen  the  yeast  plants  use  much  of  the  sugar 
for  food  and  body  building,  their  respiration  being  aerobic  and  their 
alcohol  production  low;  but  if  the  oxygen  is  largely  or  wholly  excluded 
the  respiration  is  anaerobic,  and  a  greater  amount  of  alcohol  is  produced 
from  a  given  amount  of  sugar.  Under  these  conditions  the  alcoholic 
content  of  the  fermenting  liquid  will  frequently  reach  six  to  eight  per 
cent  and  has  been  reported  as  reaching  sixteen  per  cent.  Details  of  the 
process  will  be  given  below. 

Zygosaccharomyces. — Yeast  fungi  in  this  genus  have,  in  addition  to 
budding,  a  definite  conjugation  process  followed  by  spore  formation. 
Two  cells  in  close  proximity  send  out  a  projection  or  beak  toward  each 
other  and  these  unite.  The  nucleus  of  one  cell  passes  through  the  con¬ 
necting  tube  thus  formed  into  the  other  cell,  and  the  two  nuclei  unite 
into  one.  This  zygote  nucleus  divides  twice,  as  a  rule,  and  around  the 
four  nuclei  thus  formed  ascospores  are  cut  out. 

This  genus  has  no  great  economic  significance. 

Schizosaccharomyces. — This  genus  is  mentioned  here  because  of 
the  fact  that  its  reproduction  is  by  constriction  or  fission  instead  of 
budding.  Spore  formation  following  conjugation  has  been  described. 
The  species  are  mostly  tropical. 

Torulae. — This  name  has  been  applied  to  certain  “false  yeasts,”  or 
“wild  yeasts,”  that  make  trouble  as  intruders  in  wines  and  beers  during 
the  process  of  fermentation  and  impart  undesirable  flavors.  They  may 
also  produce  undesirable  flavors  in  dairy  products.  At  least  one  is 
pathogenic  to  man.  Spore  formation  is  absent  in  the  Torulae  and  in  a 
strict  sense  they  belong  in  the  miscellaneous  group  Fungi  Imperfecti. 
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The  Process  of  Alcoholic  Fermentation 

From  an  economic  standpoint  the  importance  of  the  yeasts  lies  chiefly 
in  their  power  to  ferment  monosaccharide  sugars  into  carbon  dioxide  and 
alcohol. 

In  Bread-Making. — Throughout  the  history  of  civilization  people 
have  followed  the  practice  of  leavening  the  doughs  and  batters  used  for 
breads,  etc.,  by  adding  materials  containing  yeasts.  Utilizing  the  sugars 
present,  the  yeasts  carry  on  alcoholic  fermentation  in  which  bubbles  of 
carbon  dioxide  lighten  the  bread.  Both  the  alcohol  and  the  carbon 
dioxide  are  driven  off  in  baking. 

Saccharomyces  cerevisiae  is  the  yeast  chiefly  used  in  bread-making, 
but  other  species  have  been  tried  with  success. 

In  the  Fermentation  of  Beverages. — Here  again  we  have  a  very 
ancient  process  in  which  almost  every  kind  of  sugary  solution  has  been 
fermented  into  an  alcoholic  drink.  Beginning  with  the  researches  of 
Pasteur,  however,  methods  of  manufacture,  especially  for  wines  and 
beers,  have  been  greatly  improved.  Pasteurization,  followed  by  inocula¬ 
tion  with  pure  cultures  of  the  desired  strains  of  yeast,  has  done  much  to 
prevent  the  so-called  “diseases”  of  wine  caused  by  objectionable  intrud¬ 
ing  microorganisms  and  has  contributed  to  uniformity  of  flavor. 

As  yeasts  are  inhibited  by  the  alcohol  when  it  reaches  a  strength  of 
about  five  per  cent  and  generally  cease  to  produce  it  when  a  strength  of 
about  eight  per  cent  is  reached,  the  high  alcoholic  content  of  hard  liquors 
can  be  secured  only  by  distillation. 

Industrial  Ethyl  Alcohol. — In  the  making  of  commercial  alcohol 
a  large  supply  of  cheap  carbohydrate  is  essential.  In  this  country  sugar¬ 
cane  molasses  is  chiefly  used ;  in  Europe,  potatoes  and  sugar  beets ;  in 
China,  rice.  Starchy  materials  require  hydrolyzing  to  sugars  by  heat¬ 
ing  with  acids,  by  digestion  through  the  action  of  molds  as  described  in 
the  preceding  chapter,  or,  if  grains  are  used,  by  malting,  in  which  case 
the  diastase  of  the  sprouting  seeds  converts  the  starch  to  sugar.  Obtain¬ 
ing  sugars  for  this  purpose  through  the  digestion  of  wood  is  in  the 
experimental  stage. 

Whatever  material  is  used,  the  sugar  is  fermented  to  alcohol  by  the 
action  of  yeast,  and  by  distillation  and  rectification  pure  alcohol  in  a 
strength  of  about  ninety-five  per  cent  is  obtained. 

Chemical  Changes  in  Alcoholic  Fermentation. — That  the  end 
products  of  alcoholic  fermentation  are  alcohol  and  carbon  dioxide  has 
long  been  known.  For  a  time  the  chemistry  of  the  process  was  supposed 
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to  be  relatively  simple,  but  extensive  research  has  shown  that  there  are 
several  steps  in  the  process  and  several  intermediate  products. 

To  carry  on  alcoholic  fermentation  yeasts  require  monosaccharides 
such  as  glucose.  If  the  chief  raw  material  is  sucrose  this  must  be  con¬ 
verted  to  glucose  and  fructose  by  an  invertase.  If  it  is  starch,  such  as 
that  of  potatoes,  this  must  be  changed  to  sugar  by  hydrolyzing  with  an 
acid  or  by  the  action  of  a  microorganism  such  as  JVLucor  oryzae, 
M.  rouxii,  or  Aspergillus  oryzae. 

What  Is  Zymase? — Zymase,  being  an  intracellular  enzyme,  was 
not  discovered  as  early  as  some  others.  It  was,  indeed,  supposed  that  the 
living  protoplasm  of  the  yeast  cells,  rather  than  an  enzyme,  changed  the 
sugar  to  alcohol  and  carbon  dioxide.  However,  in  1897  Buchner  suc¬ 
ceeded  in  grinding  up  the  cells  and  obtaining  an  extract  that  would 
bring  about  the  change.  Since  then  evidence  has  been  presented  that 
we  are  dealing  with  a  mixture  of  enzymes,  no  one  of  which,  alone,  can 
produce  alcohol  from  a  sugar.  For  convenience,  however,  we  retain 
the  term  zymase  for  this  enzymatic  mixture. 

Steps  in  Glucose  Fermentation. — It  has  been  found  that  phosphates 
are  necessary  for  the  production  of  alcohol,  but  that  a  little  phosphate 
is  sufficient.  Following  is  a  particularly  good  account  of  the  process.1 

Zymase,  then,  may  be  regarded  as  an  enzyme  mixture.  The  first 
to  act  upon  the  simple  sugars  is  that  which  causes  the  union  of  phosphoric 
acid  and  hexose,  to  form  a  hexose-phosphate.  This  compound  is  then 
broken  down,  and  the  sugar  split  to  a  carbon  compound  with  three 
carbons  in  the  chain.  This  is  probably  then  transformed  in  normal 
alcoholic  fermentation  to  pyruvic  acid  (CH3  •  CO  *  COOH ) .  Yeast 
(as  a  part  of  its  zymase  complex)  contains  the  enzyme  carboxylase ,  an 
oxidase.  This  enzyme  attacks  specifically  keto-acids,  particularly  those 
in  which  the  keto  group  is  in  the  alpha-position.  It  transforms  pyruvic 
acid  to  acetaldehyde  and  C02. 

CH3  •  CO  •  COOH  ->  CH3  •  CHO  +  C02 

Pyruvic  acid  Acetaldehyde 

This  accounts  for  the  production  of  the  carbon  dioxide  of  the  alcoholic 
fermentation.  The  acetaldehyde  is  reduced  to  ethyl  alcohol  by  acting 
as  a  hydrogen  acceptor  to  one  of  the  intermediate  products. 

CH3  •  CHO  +  2H  -»  CH3  •  CH2OH 

Acetaldehyde  Ethyl  alcohol 

The  whole  reaction  may  be  summarized  as 

C6H1206  ->  2CH3  •  CH2OH  +  2C02 

1  Bacteriology ,  by  Estelle  D.  Buchanan  and  Robert  Earl  Buchanan  (The 
Macmillan  Company,  4th  ed.,  p.  260). 
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As  will  be  noted  later,  it  is  possible  to  modify  the  course  of  the 
fermentation  in  various  ways,  and  secure  considerable  yields  of  other 
substances  such  as  glycerol. 

The  above  account  of  the  process  of  alcoholic  fermentation  is  greatly 
abbreviated.  The  subject  is  one  that  has  been  studied  intensively  in 
recent  years  and  a  complete  account  of  the  various  intermediate  steps 
known  in  the  process  would  require  many  pages.  These  studies  have 
been  of  great  significance  in  increasing  our  knowledge  of  general  cellular 
physiology. 

In  this  process  not  all  the  sugar  is  converted  into  alcohol.  Some  is 
consumed  in  the  nutrition  of  the  organisms,  and  some  enters  into  the 
production  of  other  substances — among  them  lactic  and  other  acids, 
aldehydes,  esters,  higher  alcohols,  glycerine,  etc.,  some  of  which  go  to 
make  up  the  objectionable  “fusel  oil.” 


Review  Questions 

1.  What  is  the  evidence  that  yeasts  should  be  classed  as  fungi  rather  than 

as  bacteria?  What  is  the  most  conspicuous  difference  between  yeasts 
and  other  fungi? 

2.  Describe  two  kinds  of  reproduction  in  the  true  yeasts. 

3.  What  is  the  evidence  that  the  spores  of  the  yeasts  are  ascospores?  Why 

should  not  the  spores  of  yeasts  and  the  spores  of  Bacillaceae  be  re¬ 
garded  as  homologous? 

4.  Give  the  generic  and  specific  name  of  the  yeast  that  is  of  greatest 

importance  to  man.  What  two  chemical  products  of  yeasts  give  them 
their  economic  importance? 

5.  What  is  zymase? 

6.  What  other  use  of  dextrose  is  made  by  yeasts,  in  addition  to  alcoholic 

fermentation  ? 

7.  What  microorganisms  other  than  yeasts  can  carry  on  alcoholic  fermen¬ 

tation  ? 

8.  Give  the  economic  significance  of  the  Torulae. 
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Soils  have  a  complex  and  varied  composition.  Chiefly  they  are  made 
up  of  decomposed  rock  in  the  form  of  sand  and  clay,  organic  matter  in 
different  stages  of  decomposition,  water  containing  chemicals  in  solution, 
and  air  in  which  the  proportion  of  the  various  gases  is  often  different 
from  that  of  the  atmosphere  above. 

One  of  the  factors  that  strongly  influence  the  productivity  of  soils 
is  the  composition  of  the  soil  water,  for  food  materials  are  absorbed  by 
plants  from  such  solutions.  Probably  the  agencies  that  most  influence 
the  composition  of  the  soil  water  are  the  microorganisms  living  there. 

Microorganisms  in  Soils 

Because  of  the  opacity  of  the  soil  and  because  of  the  minute  size 
of  the  individuals  of  most  species,  few  people  realize  the  enormous  num¬ 
bers  and  the  varied  kinds  of  living  things  that  inhabit  the  soil. 

Protozoa  in  the  Soil. — Most  saprophytic  protozoa  live  best  in  waters 
rich  in  decaying  organic  matter,  but  some  are  found  in  very  wet  soils. 
More  than  one  million  per  gram  have  been  reported  in  wet  soils  rich 
in  organic  matter.  They  use  this  organic  matter  for  food  and  some 
species  ingest  and  consume  both  dead  and  living  bacteria.  Amebae  and 
flagellates  are  more  common  than  ciliates. 

Algae  in  the  Soil. — Since  algae  require  an  abundance  of  moisture 
and  of  light  for  their  best  development,  most  kinds  find  the  soil  an  un¬ 
favorable  environment.  Unicellular  and  filamentous  blue-greens  and 
greens  of  a  few  species,  however,  as  well  as  diatoms,  have  been  found 
quite  commonly  on  the  surface  of  some  soils  and  for  a  short  distance 
below.  Where  light  is  available  these  algae  use  it  in  photosynthesis,  but 
farther  down,  where  darkness  prevails,  they  may  live  saprophytically, 
obtaining  their  organic  matter  from  the  soil. 

Fungi  in  the  Soil  . — Where  leaves,  roots,  and  other  vegetable  matter, 
or  the  dung  of  animals,  become  incorporated  in  soil,  fungi  thrive  in  great 
abundance.  Some  of  these,  such  as  puffballs,  mushrooms,  and  morels — 
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known  collectively  as  “fleshy  fungi” — form  a  very  extensive  but  scarcely 
visible  mycelium  in  the  soil,  from  which  large-sized  fruiting  bodies 
arise  when  conditions  are  favorable,  as  following  a  rain.  Others  are 
so  small  and  so  completely  incorporated  in  the  soil,  or  the  vegetable 
matter  in  or  on  it,  that  their  presence  is  not  ordinarily  noticed. 

These  molds  are,  however,  very  active.  Their  contribution  to  the 
destruction  of  vegetable  matter  is  enormous,  rivaled  only  by  that  of  the 
bacteria.  The  capacity  of  the  fungi  for  the  production  of  enzymes 
capable  of  hydrolyzing  cellulose  and  related  carbohydrates  that  make 
up  the  cell  walls  of  plants  was  emphasized  in  Chapter  XI.  Thus  they 
contribute  heavily  to  the  process  of  humus  formation,  in  which  plant 
refuse  is  changed  into  a  form  in  which  its  original  structure  is  no  longer 
recognizable. 

Bacteria  in  the  Soil. — The  soil  is  the  great  storehouse  of  bacteria. 
Some  have  lived  there  through  succeeding  generations  for  millions  of 
years.  Others  have  been  introduced  into  the  soil  in  numerous  ways — 
especially  from  the  bodily  discharges  of  animals  and  man,  well  and  sick, 
and  from  the  burial  of  dead  animals  and  plants.  There  can  be  no  doubt 
that  every  species  of  bacteria  has  been  introduced  into  the  soil. 

Not  all  kinds,  however,  find  in  the  soil  a  favorable  environment.  In 
general,  species  pathogenic  to  animals  and  plants  do  not  multiply  there 
and  soon  die  from  lack  of  suitable  food,  from  the  antagonistic  action  of 
saprophytic  species,  from  the  attacks  of  protozoa,  and  in  the  winter  from 
freezing.  Spore-forming  pathogens,  such  as  those  that  cause  anthrax 
( Bacillus  anthracis)  and  the  blackleg  of  cattle  (Clostridium  chauvoei ), 
have  been  known  to  persist  in  the  soil  for  years. 

The  number  of  bacteria  found  in  fertile  soils  is  enormous.  Ten  to 
twenty  million  to  the  gram  of  soil  is  fairly  common,  and  more  than  forty 
million  have  been  reported.  All  surface  soils  have  them,  even  those  of 
the  Sahara  desert.  It  is  safe  to  estimate  that  the  total  number  of  bacteria 
of  all  kinds  in  the  surface  foot  of  soil  is  more  than  half  of  the  total  in 
the  world.1 

The  numbers  are  greatly  influenced  by  soil  conditions.  The  most 
important  condition  is  the  chemical  content  of  the  soil  water  which 
supplies  food  for  them.  A  soil  with  a  high  organic  content  will  almost 
inevitably  have  a  high  bacterial  count.  Less  important  are  temperature 
and  moisture.  Bacteria  may  be  numerous  both  in  frozen  soils  and  in 

1  Possibly  the  bacteria  of  the  sea  water  should  be  excluded  from  this 
statement,  for  the  volume  of  the  ocean  is  vast  and  some  bacteria  are  known 
to  be  present  in  it — how  many  it  would  be  hard  to  estimate. 
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the  soils  of  the  tropics.  Soils  too  dry  for  the  growth  of  flowering  plants 
may  still  have  moisture  enough  to  support  some  bacterial  life,  although 
the  optimum  moisture  content  for  bacterial  growth  is  much  higher. 

In  soils  with  a  very  low  organic  content — such  as  nearly  pure  sand 
or  clay — the  autotrophic,  or  prototrophic,  species  may  become  the  pre¬ 
dominant  species. 


B.  anthracis  Cl.  chauvaei 


Fig.  95.  Two  spore-forming  pathogenic  bacteria. 

Humus  Content  of  Soils 

By  humus  is  meant  not  any  and  every  kind  of  organic  matter  in  all 
stages  of  decomposition  but  a  highly  complex  material,  largely  organic, 
and  so  far  decomposed  that  its  original  constituents  are  no  longer 
recognizable.  Humus  varies  greatly  in  composition,  depending  on  ( 1 )  the 
materials  from  which  it  was  made — manure,  leaves,  wood,  etc.,  (2)  the 
microorganisms  that  took  part  in  its  formation — fungi,  bacteria,  etc., 
and  (3)  the  environmental  conditions  under  which  the  organisms  were 
working — oxygen  supply,  moisture,  temperature,  soil  reaction,  etc. 

Formation  of  Humus. — The  largest  portion  of  the  brownish-black 
material  known  as  humus  is  composed  of  organic  matter.  It  may  exist 
in  a  nearly  pure  state  as  a  surface  layer  or  be  mixed  with  sand  and  clay 
as  in  cultivated  soils.  Plants  contribute  much  more  to  its  formation 
than  do  animals.  The  cell  walls  of  plants  have  a  basis  of  cellulose  and 
various  kinds  of  hemicellulose.  As  the  walls  thicken  with  maturity 
other  materials  are  added,  particularly  lignin,  which  makes  up  much 
of  the  woody  portion  of  the  plant.  Within  the  cells  are  protoplasm, 
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composed  of  proteins,  and  various  kinds  of  stored  food — starches,  oils, 
etc. 

The  plant  refuse  in  and  on  the  soil  is  vigorously  attacked  by  various 
kinds  of  microorganisms.  The  fungi  rapidly  destroy  the  cell  walls  and 
to  some  extent  the  cell  contents.  Most  kinds  of  bacteria  are  unable  to 
destroy  the  cell  walls  of  plants,  but  some  kinds,  notably  those  belonging 
to  the  genera  Cellulomoncis  and  Cytophaga ,  can  do  so.  Following  the 

destruction  of  the  cell  walls, 
the  cell  contents  are  con¬ 
sumed  by  both  fungi  and 
bacteria  of  many  kinds  and 
by  protozoa. 

A  part  of  the  protein  and 

used  by  these  microorgan¬ 
isms  and  does  not  become  a 
part  of  the  humus.  This 
applies  in  large  measure 
even  to  the  cellulose  and  hemicelluloses,  which  are  changed  to  sugars 
and  used  for  food.  The  lignin  and  similar  materials,  and  the  waxes, 
gums,  etc.,  are  more  resistant  to  decay  and  become  important  humus 
constituents.  To  these  organic  materials  are  added  inorganic  salts, 
bases,  etc.,  from  the  soil  itself,  and  synthetic  products  of  microorganisms, 
even  their  dead  bodies  in  incalculable  numbers. 

Humus,  then,  is  a  very  complex  and  variable  material.  Its  reaction 
may  be  acid,  neutral,  or  basic.  Besides  carbonaceous  matter  it  contains 
nitrogen  in  the  form  of  ammonium  compounds,  amino  acids  and  related 
compounds,  as  well  as  phosphates,  potash  and  other  salts,  and  various 
organic  acids,  some  of  which  go  under  the  rather  indefinite  term 
“humic  acid.” 

Destruction  of  Humus. — Under  normal  conditions  in  any  given 
region  where  vegetation  is  abundant  humus  is  constantly  being  formed 
and  constantly  being  destroyed  by  microorganisms.  Both  processes  are 
very  slow.  If  conditions  remain  constant,  a  state  of  equilibrium  is 
reached  in  which  the  percentage  remains  approximately  the  same  for 
centuries.  It  is  relatively  high  in  forest  floors  and  swamps  and  especially 
in  peat  bogs,  and  low  in  sand  dunes  and  deserts,  where  the  supply  of 
vegetation  is  limited. 

The  agents  most  destructive  to  humus  are  microorganisms.  If  little 
or  none  is  being  formed,  from  lack  of  vegetation  or  other  causes,  the 


the  carbohydrate  material  is 


Fig.  96.  Strips  of  filter  paper  being  de¬ 
stroyed  by  bacterial  action.  (After  Ome- 
liansky) . 
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supply  is  gradually  used  up.  In  general,  conditions  that  favor  aerobic 
action  favor  humus  destruction,  which  reaches  its  maximum  where 
moderately  dry  soils  are  intensively  cultivated  and  the  crop  regularly 
removed. 

Rarely,  humus  is  destroyed  by  fire,  along  with  less  completely  de¬ 
composed  organic  matter.  This  occasionally  happens  where  swamps 
have  been  drained  and  the  turf  that  makes  up  the  surface  layer  has 
become  exceedingly  dry.  It  is  a  regular  result  of  forest  fires,  which 
consume  the  turf  of  the  forest  floor. 

The  Role  of  Humus  in  Agriculture. — It  has  long  been  realized 
that  black,  loamy  soils  are  generally  fertile  and  productive.  Humus  has 


Fig.  97.  Depletion  of  humus  in  soils  of  the  forested  regions  of  the  eastern 
United  States.  Left,  from  top  to  bottom,  freshly  fallen  leaves,  layer  of  nearly 
pure  humus,  surface  soil  and  subsoil.  Middle,  humus  mixed  with  surface  soil 
by  plowing.  Right,  humus  depleted  by  cropping.  Semi-diagrammatic. 

a  number  of  values.  ( 1 )  It  improves  the  physical  condition  of  the  soil, 
making  it  soft  and  mellow  instead  of  hard  and  compact.  (2)  It  in¬ 
creases  the  water-holding  capacity.  Soils  with  much  humus  not  only 
absorb  water  rapidly  with  a  minimum  of  run-off,  but  they  retain  water 
that  would  otherwise  pass  down  through  by  gravity.  (3)  Humus  is  a 
great  storehouse  of  food  materials  for  higher  plants.  It  is  rich  in  com¬ 
pounds  of  nitrogen,  potassium,  phosphorus,  etc.,  which  it  releases  under 
the  action  of  bacteria  in  forms  usable  by  crop  plants. 

Unfortunately,  unwise  farmers  often  draw  on  the  humus  supply 
of  their  soils  as  they  draw  on  their  bank  accounts,  by  intensively  cultivat¬ 
ing  and  cropping  the  soil  and  returning  little  or  no  vegetable  matter  to  it. 
The  depletion  is  slow,  but  sure  and  disastrous.  The  improverished 
cotton  and  tobacco  soils  of  the  South  are  examples.  Commercial  fer¬ 
tilizers,  added  as  a  palliative,  give  some  benefit  through  increased  yields 
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immediately  following  the  application  but  cannot  compensate  for  loss 
of  humus. 

Restoration  of  humus  in  soils  that  have  lost  it  is  such  a  slow  process 
that  few  farmers  have  the  patience,  the  skill,  and  the  willingness  to 


Animals 


Fig.  98.  Carbon  Cycle.  This  shows  the  more  important  changes  that  take 
place  in  nature  in  the  carbon  compounds.  The  tendency  to  the  formation  of 
carbon  dioxide  is  especially  evident. 


sacrifice  immediate  returns  from  their  land,  that  are  required  to  bring 
soils  back  to  their  virgin  condition. 

Changes  in  Nitrogenous  Compounds 

In  maintaining  soil  fertility  scarcity  of  suitable  nitrogenous  com¬ 
pounds  presents  a  major  problem.  Higher  plants  generally  require 


CHANGES  IN  NITROGENOUS  COMPOUNDS  167 


nitrogen  in  the  form  of  nitrates,  although  many  can  use  ammonium 
compounds.  Agencies,  therefore,  that  change  other  forms  of  nitrogen, 
such  as  proteins  and  amino  acids,  into  nitrates  are  of  great  value,  and 
their  activities  are  to  be  encouraged.  Chief  among  these  agencies  are 
certain  kinds  of  bacteria,  which,  working  in  sequence,  can  bring  about 
a  series  of  chemical  changes  whereby  the  proteins  of  plant  and  animal 
bodies  are  changed  into  nitrates. 

Ammonification. — In  plant  and  animal  bodies  nitrogen  occurs  in  a 
number  of  organic  forms,  chiefly  proteins.  During  the  life  of  the  animal 
urea  is  excreted,  but  plants  have  no  such  nitrogenous  waste.  When  plants 
and  animals  die  their  bodies  undergo  decay.  Bacteria  use  a  portion  of 
their  organic  nitrogenous  material  for  food  and  convert  a  part  into 
ammonia.  This  process  is  termed  ammonification. 

Ammonification  of  urea  is  a  simple  process.  The  reaction  given  on 
page  1 19  shows  that  the  urease  secreted  by  certain  bacteria  hydrolyzes  it 
to  ammonium  carbonate.  The  ammonification  of  proteins  is  more  com¬ 
plicated.  The  first  step  is  generally  known  as  proteolysis.  Although 
there  are  some  variations  in  the  process  of  ammonification,  depending 
on  the  organisms  and  the  conditions  involved,  the  successive  products  are 
usually  proteoses,  peptones,  amino  acids,  and  ammonia.  None  of  these 
substances  is  usable  by  higher  plants  until  the  ammonia  stage  is  reached, 
and  many  such  plants  find  ammonium  compounds  inferior  to  nitrates 
for  their  needs. 

Many  species  of  saprophytic  bacteria  can  destroy  protein.  Some  use 
it  for  food  without  producing  ammonia.  With  them  it  remains  in  an 
organic  state,  being  changed  into  their  own  protoplasm.  Most  species 
of  bacteria  and  fungi  that  can  act  upon  protein,  however,  use  some  of 
it  in  the  synthesis  of  their  own  substance  and  use  some  as  a  source  of 
energy,  with  ammonia  as  a  residue.  Most  species  of  the  genus  Bacillus , 
among  many  others,  illustrate  the  ammonifying  bacteria.  The  species 
of  Bacillus  are  aerobes,  but  many  ammonifying  bacteria  are  anaerobes. 

Nitrification. — Nitrification  is  the  change  from  ammonia  to  nitric 
acid  and  thus  to  nitrates.  Whether  the  ammonia  is  a  product  of  am¬ 
monification  or  of  electrical  discharges  in  the  air,  the  result  is  the  same 
if  it  gets  into  the  soil  where  it  can  be  acted  upon  by  certain  kinds  of 
bacteria. 

The  process  is  one  of  oxidation  and  takes  place  in  two  steps.  Certain 
species,  the  “nitrous”  bacteria,  oxidize  the  ammonia  to  nitrites,  and  others, 
the  “nitric”  bacteria,  oxidize  the  nitrites  to  nitrates.  No  species  is 
known  to  do  both. 
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The  nitrifying  bacteria,  those  that  can  carry  on  one  step  or  the 
other  in  nitrate  formation,  are  few  in  number  of  species.  All  are  mem¬ 
bers  of  the  family  Nitrobacteriaceae  and  are  autotrophic.  They  obtain 
energy  by  the  oxidation  processes  involved  in  nitrification.  Nitrosomotias 
(4  species)  and  Nitrosococcus  (1  species)  are  the  “nitrous”  bacteria  that 
change  ammonia  to  nitrites.  Six  species  of  Nitrobacter  make  up  the 
“nitric”  bacteria  that  change  nitrites  to  nitrates.  Growth,  in  both 
groups,  is  inhibited  by  soluble  organic  matter. 

Although  the  nitrifying  bacteria  are  few  in  number  of  genera  and 
species,  they  are  exceedingly  numerous  in  individuals  and  are  highly 
cosmopolitan,  being  found  abundantly  in  nearly  all  soils. 


/ Vitrosomonas 


A/itr  06  acter 


Fig.  99.  Nitrifying  bacteria.  Nitrosomonas  changes  ammonia  to  nitrites,  and 

Nitrobacter  changes  nitrites  to  nitrates. 


It  is  fortunate  that  Nitrobacter  is  so  plentiful,  for  it  not  only  produces 
the  beneficial  nitrates,  but  it  frees  the  soil  from  the  nitrites  which,  if 
allowed  to  accumulate,  would  be  harmful  to  crop  plants. 

Nitrate  Reduction. — Most  of  the  nitrate  in  soils  has  its  origin  in 
the  nitrification  of  organic  matter.  Practically  none  of  it  comes  directly 
from  decomposing  rocks.  After  it  is  deposited  in  the  soil  it  tends  to  dis¬ 
appear  rather  rapidly.  Loss  of  nitrates  is  chiefly  from  three  agencies. 
( 1 )  It  may  be  assimilated  by  plants  of  all  kinds  from  bacteria  to  flower¬ 
ing  plants.  (2)  It  may  be  leached  from  the  soil  by  gravitational  water. 
(3)  It  may  be  changed  to  other  compounds  by  the  reduction  processes 
of  anaerobic  bacteria.  This  last-named  process  is  nitrate  reduction. 

In  several  respects  nitrate  reduction  is  the  opposite  or  reverse  of 
nitrification.  This  is  shown  by  the  following  table: 
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NITRIFICATION 
Nitrates  produced 
Aerobic  process 
Energy  released 


NITRATE  REDUCTION 

Nitrates  destroyed 
Anaerobic  process 
Energy  required 


Nitrate  reduction  is  of  less  common  occurrence  than  nitrification. 
As  indicated  above,  three  conditions  are  required  in  addition  to  the  neces¬ 
sary  organisms :  (1)  lack  of  oxygen,  (2)  a  supply  of  nitrates,  and  (3)  a 
supply  of  food  such  as  carbohydrates  to  furnish  the  necessary  energy. 

Lack  of  oxygen  may  be  brought  about  in  either  of  two  ways :  ( 1 )  by 
soil  organisms  consuming  it  and  leaving  carbon  dioxide  in  its  place  in 
the  air  spaces  of  the  soil,  or  (2)  by  an  excess  of  water  replacing  the  air 
in  the  soil.  The  latter  occurs  when  rainfall  is  continuous,  when  irriga¬ 
tion  is  carried  to  excess,  and  where  drainage  is  poor. 

The  kinds  of  bacteria  that  reduce  nitrates  are  rather  numerous — 
some  facultative  anaerobes  and  some  strict  anaerobes.  Examples  are 
Escherichia  coli,  Aerobacter  aerogenes,  Clostridium  perfringcns,  and 
species  of  Actinomyces.  Fungi  are  mostly  aerobic  and  play  no  part  in 
this  process. 

The  products  of  nitrate  reduction  are  several.  Often  there  form  in 
succession  nitrous  acid  or  a  nitrite,  hyponitrous  acid,  hydroxylamine, 
and  ammonia.  Some  of  the  nitrate  may  be  used  for  food  by  the  bacteria 
and  changed  into  their  proteins.  The  oxygen  of  the  nitrate  is  used  in 
bacterial  respiration. 

If  conditions  change  so  as  to  furnish  an  abundant  supply  of  free 
oxygen,  nitrification  sets  in  and  the  ammonia  and  nitrites  are  again 
changed  to  nitrates. 

Denitrification. — Nitrate  reduction  may  take  such  a  course  that 
either  free  nitrogen  or  nitrous  oxide  is  formed.  These  substances,  being 
gaseous,  escape  into  the  air.  The  process  is  called  denitrification  and 
results  in  an  actual  loss  of  nitrogen  from  the  soil.  It  is  less  common 
than  ordinary  nitrate  reduction  but  more  harmful.  Conditions  favorable 
for  denitrification  are  found  in  the  interior  of  large  manure  heaps  and 
to  a  lesser  degree  in  water-logged  soils  containing  an  abundance  of 
organic  matter.  Through  the  ages  it  has  been  the  chief  agency  for  the 
release  of  free  nitrogen  from  the  soil  into  the  atmosphere,  which  is  now 
about  eighty  per  cent  nitrogen. 

A  considerable  number  of  bacterial  species  are  capable  of  carrying  on 
denitrification,  among  them  Pseudomonas  aeruginosa,  Ps.  denitrificans, 
and  Thiobacillus  denitrificans. 
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Nitrogen  Fixation. — Nitrogen  in  a  free  state,  as  it  occurs  in  the 
air,  is  difficult  to  retrieve  because  it  is  chemically  inert  and  does  not 
readily  enter  into  combination  with  other  elements  or  compounds.  Chemi¬ 
cal  means  have  been  devised  for  bringing  it  into  combination  with  other 
element's,  but  these  are  of  small  significance  as  compared  to  the  results 
obtained  in  nature  by  bacterial  action.  The  process  of  changing  nitrogen 
from  the  free  form  into  a  combined  form  is  called  nitrogen  fixation. 

It  is  indeed  fortunate,  not  only  for  man  but  for  animals  and  plants 
generally,  that  some  species  of  bacteria  evolved  the  power  of  fixing 
nitrogen,  for  nearly  all  are  dependent  for  their  very  existence  upon  a 
supply  of  nitrogenous  compounds.  With  denitrification  releasing  free 
nitrogen  into  the  air  from  compounds  in  the  soil,  the  supply  of  nitrates 
would  long  ago  have  been  exhausted  but  for  the  nitrogen-fixing  bacteria. 

Two  Kinds  of  Nitrogen  Fixation 

* 

It  has  long  been  realized  that  while  the  growing  of  most  crops  ex¬ 
hausts  the  fertility  of  the  soil  the  growing  of  leguminous  crops  increases 
it.  The  reason  was  not  known  until  the  German  chemists,  Hellriegel 
and  Wilfarth,  gave  evidence  in  1887  that  nitrogen  is  fixed  by  certain 
bacteria  living  in  the  nodules  of  these  plants.  Because  of  the  mutual 
benefit  received  by  the  bacteria  and  the  leguminous  host  we  term  this 
process  symbiotic  nitrogen  fixation. 

A  little  later,  in  1901,  the  Dutch  bacteriologist,  M.  W.  Beijerinck, 
discovered  another  kind  of  bacteria  that  could  fix  nitrogen  in  the  soil 
without  the  aid  of  a  host  plant.  This  method  is  termed  non-symbiotic 
nitrogen  fixation. 

Symbiotic  Nitrogen  Fixation. — It  has  been  claimed  that  a  con¬ 
siderable  number  of  species  of  bacteria  and  fungi  fix  nitrogen  in  symbiosis 
with  higher  plants  of  various  kinds.  Some  of  these  claims  have  been 
found  erroneous;  others  need  further  investigation.  For  the  present  it 
may  be  held  that  bacteria  of  only  one  genus  have  been  proved  to  fix 
nitrogen  symbiotically  on  a  large  scale.1 

This  genus  is  Hhizobium,  and  it  contains  six  described  species.  These 
are  distinguished  from  one  another  by  their  reactions  in  culture  media 
and  by  the  kinds  of  legumes  which  they  attack.  It  is  possible  that  un¬ 
described  species  exist  in  the  roots  of  other  members  of  this  very  large 
family  of  plants. 

1  To  a  lesser  extent  certain  fungi  (mycorrhizas)  living  symbiotically 
with  the  roots  of  trees  also  carry  on  this  process. 
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The  relation  of  the  bacteria  to  the  leguminous  plants  has  some  aspects 
of  parasitism.  They  penetrate  the  root-hairs  and,  multiplying  there, 
form  “infection  strands”  which  penetrate  the  cells  of  the  cortex.  These 
cells  are  stimulated  to  abnormal  division  and  growth  and  thus  form 
nodules  from  one  to  several  millimeters  in  diameter.  On  some  species 
of  legumes  these  nodules  occur  in  clumps. 


Fig.  ioo.  Rhizobium  infecting  legume.  1,  strand  of  bacteria  in  root  hair; 
2,  3  and  4,  bacteria  penetrating  from  cell  to  cell.  From  Lutmen’s  Microbiology. 
McGraw-Hill  Book  Co.,  Inc. 


The  bacteria  live  within  the  cells  of  the  nodules,  which,  for  the 
most  part,  remain  alive  and  supply  food  to  the  bacteria.  Air  from  the 
soil  diffuses  into  the  nodules  and  the  free  nitrogen  thus  obtained  is  then 
fixed  by  the  bacteria. 

The  chemistry  of  nitrogen  fixation  is  not  well  understood.  Un¬ 
doubtedly  some  of  the  nitrogen  is  synthesized  at  once  into  the  protoplasm 
of  the  bacteria.  The  host,  however,  receives  an  immediate  and  direct 
benefit,  and  it  is  suspected  that  this  is  due  to  the  formation  within  the 
nodules  of  ammonia  or  nitric  acid  or  both.  Proof  of  this  theory  is 
lacking. 

The  conditions  favoring  symbiotic  nitrogen  fixation  have  been  care¬ 
fully  studied.  Rhizobium  is  an  aerobic  organism  and  grows  well  in 
artificial  culture  media.  Young  cells  in  an  actively  growing  culture 
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are  small  motile  rods,  but  in  older  cultures  and  within  the  nodules 
“bacteroids”  are  formed  which  are  non-motile,  vacuolate,  swollen  bodies, 
often  bent  or  branched,  X,  Y,  T,  L,  or  star  shaped.  The  organism  is 


Fig.  ioi.  Nodules  on  roots  of  Alsike  clover.  From  Swingle’s  Plant  Life.  D.  Van 

Nostrand  Co.,  Inc. 

very  sensitive  to  an  acid  medium,  and  liming  of  the  soil  is  often  required. 
In  the  absence  of  a  leguminous  crop  the  organisms  will  persist  in  a 
normal  soil  for  years.  Whether  or  not  they  fix  nitrogen  in  the  absence 
of  a  host  is  a  matter  of  controversy.  There  is  evidence  that  they  do  so 
to  a  slight  extent. 
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Some  soils  have  been  found  to  lack  the  species  of  Rhizobium  that 
matches  the  leguminous  crop  planted  there,  and  no  nodules  are  formed 
on  the  roots.  If  such  is  the  case,  soil  or  seed  inoculation  is  resorted  to, 
as  described  later  in  this  chapter. 

Non-symbiotic  Nitrogen  Fixation. — There  are  two  genera  of 
bacteria  in  which  organisms  are  found  that  are  capable  of  fixing  nitrogen 


Fig.  102.  Influence  of  a  legume  (peas)  on  growth  of  a  non-legume  (oats). 
Oats  in  inner  pot,  peas  in  the  outer.  Porous  inner  pot  on  left;  glazed  inner  pot 
on  right.  After  Lipman,  from  Waksman  and  Starkey’s  Soil  and  the  Microbe. 
John  Wiley  &  Sons. 

without  the  aid  of  a  higher  plant  as  a  symbiont.  These  are  Azotobacter 
and  Clostridium. 

There  are  two  known  species  of  Azotobacter.  They  are  pleomorphic, 
occurring  as  large  non-motile  cocci,  as  motile  rods,  and  probably  in 
other  forms.  They  grow  well  in  synthetic  media  containing  phosphates 
and  potassium  salts  but  no  nitrogen  compounds.  They  are  aerobic,  and 
like  Rhizobium  they  are  inhibited  by  an  acid  condition  in  the  soil.  Both 
species  are  found  in  most  soils,  where  they  fix  nitrogen  constantly  except 
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when  inhibited  by  low  temperature,  dryness,  an  acid  reaction,  or  anaerobic 
conditions.  They  are  active  in  both  fallow  and  cropped  land. 


Fig.  103.  Different  cell  forms  of  Rhizobium  arranged  in  a  life  cycle.  From 
A  System  of  Bacteriology,  Vol.  Ill,  by  W.  Bulloch  et  al.  Published  by  His 
Majesty’s  Office,  London. 


Fig.  104.  Azotobacter ,  showing  pleomorphism. 


The  fixation  of  nitrogen  requires  considerable  energy,  and  this  is 
obtained  by  the  fermentation  of  sugars — generally  those  released  by 
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the  destruction  of  starch  or  cellulose  by  other  kinds  of  soil  bacteria. 
The  necessity  for  this  supply  of  energy  has  been  demonstrated  by  fertiliz¬ 
ing  land  with  mannitol  and  other  carbohydrates,  the  result  being  in¬ 
creased  crops  of  buckwheat,  oats,  etc.,  that  cannot  utilize  the  sugars 
directly  for  food.  It  has,  in  fact,  been  shown  experimentally  that  up 
to  a  certain  limit  nitrogen  fixation 
by  these  organisms  is  in  proportion 
to  the  amount  of  sugar  supplied 
them.  To  obtain  the  best  results 
it  is  also  necessary  to  add  carbon¬ 
ates  to  neutralize  the  acid  formed. 

If  the  bacteria  are  supplied  with 
suitable  nitrogenous  compounds 
they  cease  to  fix  nitrogen. 

Azotobacter  species  synthesize 
the  nitrogen  into  their  own  bodies 
in  protein  form.  When  they  die 
from  adverse  conditions  this  ma¬ 
terial  is  available  for  nitrification. 

It  is  not  known  whether  or  not 
the  members  of  this  genus  add 
ammonia  or  nitrates  directly  to 
the  soil  in  the  process  of  nitrogen 
fixation,  but  in  the  absence  of 
definite  proof  it  may  be  assumed 
that  they  do  not. 

Of  the  fifty  or  more  species 
of  Clostridium  it  has  been  proved  Fig.  105.  Oats  fertilized  with  sugar. 

that  at  least  one,  Cl.  pasteurianum,  ^ot  was  not  treated  and  Pot  *62  re- 

1  i  ,  r  •  c-  ,1  •  ceived  sugar.  After  A.  Koch, 

is  able  to  nx  nitrogen,  bince  this 

organism  is  a  strict  anaerobe  and 

yet  fixes  nitrogen  from  the  air,  it  should  be  understood  that  deep  in  the 
soil,  where  the  bacteria  of  this  species  thrive,  nearly  all  of  the  oxygen 
of  the  air  spaces  has  been  removed  by  soil  bacteria,  leaving  a  mixture 
consisting  chiefly  of  nitrogen  and  carbon  dioxide. 

It  is  probable  that  the  methods  of  nitrogen  fixation  by  CL  pas¬ 
teurianum  are  similar  to  those  described  above  for  Azotobacter  species. 
Azotobacter  appears  to  carry  on  the  process  much  more  rapidly. 

Symbiotic  vs.  Non-symbiotic  Nitrogen  Fixation. — Comparing 
the  two  kinds  of  nitrogen  fixation,  some  interesting  facts  may  be  noted. 
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( 1 )  The  chemical  changes  that  take  place  in  the  two  processes  appear  to 
be  much  alike,  although  when  all  the  details  are  known  some  important 
differences  may  be  revealed.  (2)  Both  have  been  called  oxidation  proc¬ 
esses,  but  the  fact  that  energy  is  consumed  indicates  that  more  than 
simple  oxidation  is  involved.  (3)  The  fact  that  Rhizobium  cannot  fix 


nitrogen  rapidly  in  the  absence  of  a  leguminous  host,  although  it  can 
utilize  sugars,  suggests  obscure  differences  between  its  action  and  that  of 
Azotobacter.  (4)  As  to  their  relative  value  in  agriculture,  much  more 
nitrogen  can  be  fixed  per  acre  in  a  given  time  by  the  symbiotic  process 
than  by  the  non-symbiotic ;  but,  as  continuous  cropping  by  legumes  is 
rarely  practiced,  the  non-symbiotic  process,  which  is  much  more  con¬ 
tinuous,  may  accomplish  as  much  or  more  in  the  long  run. 

The  table  on  page  177  gives  in  condensed  form  most  of  the  essential 
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facts  with  regard  to  changes  in  nitrogenous  compounds  of  the  soil  brought 
about  by  bacteria. 

Inoculation  of  Soils  and  Seed 

As  a  considerable  number  of  bacterial  species  have  been  found  to 
benefit  the  soil  by  their  chemical  activities,  the  question  naturally  arises, 
what  can  man  do  to  further  their  action?  Obviously  there  are  two 
possibilities :  to  make  environmental  conditions  more  favorable  to  their 
development,  and  to  inoculate  organisms  into  soils  where  they  are  lack¬ 
ing.  Cultivating  soils  to  keep  them  well  aerated,  withholding  excessive 


Fig.  107.  Material  for  inoculating  seeds  of  legumes  with  Rhizobium.  Left, 
liquid  culture;  middle,  agar  slant  culture;  right,  peat  carrying  the  organisms. 
From  U.  S.  Department  of  Agriculture,  Farmers’  Bull.  No.  1496. 

irrigation  water,  providing  ample  drainage,  and  adding  lime  to  neutralize 
the  acids  that  are  formed — these  practices,  together  with  the  growing  of 
legumes,  have  received  universal  recognition  in  scientific  agriculture. 

The  inoculation  of  soils  with  beneficial  kinds  of  bacteria  has  been 
thoroughly  tried  and  has  met  with  varying  results,  depending  on  condi¬ 
tions.  It  seems  self-evident  that  soils  that  already  contain  the  desired 
species  will  not  be  benefited  by  adding  a  few  more  individuals  of  the 
same  kinds,  for  the  number  per  gram  that  any  soil  will  carry  will  be 
determined  by  environmental  conditions.  The  bacteria  have  had  plenty 
of  time  to  multiply  if  conditions  were  right. 
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Attempts  have  been  made  to  produce  strains  of  Rhizobium  and  other 
kinds  of  bacteria  that  would  work  faster  than  those  found  in  nature,  but 
the  results  have  not  been  encouraging. 

Inoculation  with  Rhizobium. — For  about  half  a  century  there  has 
been  carried  on  in  Europe,  and  later  in  this  country,  the  work  of  inoculat¬ 
ing  soils  that  did  not  contain  the  desired  species  of  Rhizobium,  as  shown 
by  the  failure  of  the  crop  planted  there  to  produce  nodules.  Some  soils 
appear  to  have  contained  the  organisms  for  centuries,  the  bacteria  having 
been  kept  alive  by  a  continuous  growth  of  wild  legumes,  or  by  occasional 


Fig.  108.  Sprinkling  seed  with  a  culture  of  Rhizobium.  After  thorough  mix¬ 
ing  and  partial  drying  the  seed  is  planted  as  soon  as  possible.  From  U.  S. 
Department  of  Agriculture,  Farmers’  Bull.  No.  1496. 


cropping  with  such  plants,  and  by  soil  conditions  favorable  for  their 
existence  in  the  interim.  The  soils  of  other  areas,  however,  either  never 
had  these  nitrogen-fixing  bacteria  or  have  lost  them.  A  large  part  of 
the  southeastern  United  States  and  smaller  areas  elsewhere  have  been 
found  to  need  inoculation  for  certain  leguminous  crops. 

Several  methods  of  inoculation  have  been  tried,  with  varying  degrees 
of  success.  The  one  most  generally  used  is  the  inoculation  of  the  seed 
just  before  planting.  Cultures  for  this  purpose  are  prepared  in  Federal, 
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State,  and  commercial  laboratories.  The  organisms  are  shipped  in  bottles 
or  flasks  containing  the  agar  or  liquid  medium  on  which  they  were  grown, 
or  in  peat  inoculated  with  cultures  of  Rhizobium.  The  seed  is  treated 
with  the  liquid  culture  or  with  a  suspension  made  by  adding  water  to 
the  agar  culture  or  the  peat.  They  are  planted  as  soon  as  convenient 
after  treating,  the  Rhizobium  being  capable  of  withstanding  a  short 
period  of  dryness.  When  the  seeds  germinate  in  the  soil  the  young 
rootlets  are  attacked  by  the  bacteria  and  nodules  are  formed. 

Inoculation  with  soil  is  sometimes  practiced.  After  a  farmer  has 
gotten  the  desired  organism  established  in  a  field,  some  of  the  soil  can 


Fig.  109.  Soy  beans  showing  the  effects  of  inoculation  wTith  Rhizobium.  From 
Lohnis  and  Fred’s  A gricultural  Bacteriology.  McGraw-Hill  Book  Co.,  Inc. 


be  removed  and  distributed  on  other  fields  with  a  seed  drill  or  by  other 
means.  This  method  is  successful  for  near-by  fields  but  cumbersome  and 
expensive  if  the  soil  has  to  be  shipped  for  a  long  distance.  Some  fear  has 
been  expressed  that  organisms  causing  plant  diseases  may  be  spread  in 
this  way. 

Irrigation  water  may  distribute  Rhizobium  species  under  certain 
conditions.  For  example,  if  sweet  clover  ( Melilotus  alba )  is  growing 
on  the  banks  of  the  upper  portion  of  an  irrigation  ditch,  the  water  flow¬ 
ing  past  will  pick  up  organisms  enough  from  the  soil  to  inoculate  the 
land  irrigated  below  and  planted  to  alfalfa. 
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Inoculation  with  Organisms  Other  than  Rhizobium. — Soil  in¬ 
oculation  with  Azotobacter  and  other  beneficial  organisms  has  been  tried. 
Though  some  have  claimed  encouraging  results  from  the  distribution  of 
Azotobacter J  the  results  have  been  generally  unsatisfactory.  Probably 
in  some  cases  the  soil  already  contained  the  desired  species,  and  in  others 
conditions  were  not  suitable  for  their  development. 


Fig.  iio.  Winogradsky  soil  test.  Top  view  of  four  dishes  of  treated  soil 
from  the  same  sample.  The  lower  two  show  abundant  growth  of  Azotobacter. 
i,  without  addition  of  potassium  or  phosphorus;  2,  with  addition  of  phosphate; 
3,  with  addition  of  potash;  4,  with  addition  of  both  phosphate  and  potash.  All 
were  supplied  with  Azotobacter  and  starch.  Photograph  by  H.  E.  Morris. 

Bacterial  Test  for  Soil  Fertility 

Several  methods  are  in  vogue  for  determining  the  fertility  of  soils. 
One  of  these,  originally  devised  by  Winogradsky  and  improved  upon  by 
other  workers,  is  a  bacterial  test,  known  as  the  Winogradsky  test,  after 
its  originator. 

The  soil  to  be  tested  is  inoculated  with  Azotobacter ,  mannitol  or 
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starch  is  added  to  supply  energy,  the  soil  is  placed  in  small  shallow 
dishes,  and  water  is  added  to  support  bacterial  development.  If  a  good 
growth  of  Azotobacter  colonies  appears  on  the  surface  of  the  soil  after 
a  few  days’  incubation,  the  soil  can  generally  be  depended  upon  to 
produce  good  crops.  If  not,  something  is  lacking — usually  phosphorus 
or  potassium.  Which  it  is  can  be  determined  by  chemical  tests. 

Changes  in  Non-nitrogenous  Compounds 

In  this  chapter  emphasis  has  been  laid  on  changes  brought  about  by 
bacteria  in  compounds  of  nitrogen  present  in  the  soil,  but  it  should  be 
added  that  very  important  changes  in  other  compounds,  particularly 
those  of  phosphorus,  potassium,  sulfur,  and  iron,  which  bring  these 
elements  into  a  form  suitable  for  the  use  of  crop  plants,  are  likewise  due 
to  bacterial  activity. 

Phosphorus  Compounds.  —  Phosphorus  exists  in  protoplasm,  par¬ 
ticularly  the  nuclei,  in  an  organic  form  not  available  to  higher  plant  life. 
In  processes  of  decay  it  is  changed,  probably  through  phosphine  (PH3) 
and  other  intermediate  products,  to  phosphoric  acid,  which,  in  combina¬ 
tion  with  an  alkali  in  the  soil,  forms  a  phosphate,  generally  of  sodium 
or  calcium.  Sodium  phosphate  is  soluble  and  can  be  used  by  higher 
plants.  The  basic  form  of  calcium  phosphate  is  rather  insoluble  and 
has  little  value  in  that  form.  It  may  be  added  that  the  calcium  in  the 
bones  of  vertebrates  is  also  in  this  insoluble  form.  Through  bacterial 
action,  or  any  other  agency  that  produces  carbon  dioxide,  the  tribasic 
calcium  phosphate  is  changed  into  monobasic  and  dibasic  calcium  phos¬ 
phates,  which  are  much  more  soluble. 

Ca3(P04)2  T  4CO2  T  5H2O  — > 

Ca(H2P04)2  •  H20  T  2Ca(HC03)2 

Potassium  Compounds. — Bacteria  play  a  much  less  important  part 
in  the  transformation  of  potassium  compounds  than  they  do  in  the  trans¬ 
formation  of  phosphorus  compounds.  During  decomposition  they  re¬ 
lease  the  potassium  of  the  organic  refuse.  If  the  potassium  in  the  soil 
is  in  the  form  of  the  insoluble  orthoclase,  the  nitric  acid  produced  by 
nitrifying  bacteria  may  release  it  as  the  soluble  potassium  nitrate. 

Sulfur  and  Iron. — Changes  in  the  compounds  of  these  elements  have 
already  been  discussed  in  Chapters  V  and  IX. 

Review  Questions 

1.  What  ingredients  enter  into  the  make-up  of  most  soils? 

2.  Which  of  these  ingredients  especially  favor  autotrophic  bacteria? 

Which  especially  favor  saprophytic  bacteria? 


REVIEW  QUESTIONS 


183 


3.  How  does  the  composition  of  the  air  in  the  soil  usually  differ  from 

that  of  the  atmosphere  above? 

4.  At  about  what  depth  in  the  soil  is  each  of  the  following  found  in 

greatest  abundance:  ( a )  algae,  ( b )  fungi,  (c)  bacteria,  (d)  protozoa? 

5.  What  is  the  most  important  part  played  by  fungi  in  the  decomposition 

of  plant  refuse  in  the  soil? 

6.  About  how  many  bacteria  per  gram  does  a  fertile  soil  contain? 

7.  Define  the  term  humus.  Where  is  it  found  most  abundantly?  What 

does  it  contain  that  is  of  value  to  crops? 

8.  H  ow  is  humus  of  benefit  to  the  soil  in  addition  to  furnishing  plant  food? 

9.  What  conditions  and  agricultural  operations  tend  to  deplete  the  supply 

of  humus?  How  can  humus  be  restored  most  rapidly? 

10.  About  how  many  genera  of  bacteria  contain  species  that  are  capable  of 

destroying  cellulose?  Name  the  most  important  one  of  these  genera. 

11.  What  is  meant  by  ammonification  ?  Show  the  reaction  that  takes  place 

when  urea  is  ammonified. 

12.  Is  the  process  of  ammonification  carried  on  by  many  or  by  few  species 

of  bacteria?  Give  two  examples  of  ammonifying  bacteria. 

13.  What  are  the  two  steps  that  take  place  in  nitrification? 

14.  Is  the  process  of  nitrification  carried  on  by  many  or  by  few  species  of 

bacteria?  Give  the  name  of  an  organism  that  carries  on  each  of  the 
two  steps  in  the  process. 

15.  Are  these  organisms  autotrophic,  saprophytic,  or  parasitic? 

16.  Why  does  nitrification  go  on  best  in  a  slightly  alkaline  soil? 

17.  Under  what  conditions  does  nitrate  reduction  take  place?  Why  is  a 

supply  of  soluble  organic  matter  needed  for  nitrate  reduction  but 
not  for  nitrification? 

18.  In  what  respects  are  nitrate  reduction  and  denitrification  alike  and  in 

what  respects  are  they  different? 

19.  What  causes  the  oxygen  in  the  soil  to  become  so  scarce  that  nitrate 

reduction  rather  than  nitrification  is  favored? 

20.  Why  is  denitrification  looked  upon  as  such  an  undesirable  process? 

21.  Name  the  two  kinds  of  nitrogen  fixation.  Under  what  conditions  does 

each  go  on  more  rapidly  than  the  other? 

22.  Give  the  generic  name  of  the  organism  that  is  most  important  in  each 

kind  of  nitrogen  fixation.  What  soil  conditions  favor  both  kinds  of 
nitrogen  fixation? 

23.  Why  are  soils  not  generally  benefited  by  inoculation  with  Nitrosomonas, 

Nitrohacter ,  or  Azobacter ?  Describe  two  practicable  methods  of 
inoculating  soils  with  Rhizobium. 

24.  Explain  how  bacterial  action  may  make  phosphorus  compounds  more 

available  to  plants. 

25.  Describe  the  Winogradsky  test  for  soils.  What  advantage  does  it  have 

over  making  a  chemical  analysis  of  the  soil? 
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BACTERIA  OF  WATERS 

When  water  in  the  form  of  rain  or  snow  reaches  the  earth  it  is  nearly 
free  from  bacteria,  having  gathered  very  few  from  the  air,  but  it  does 
not  long  remain  so. 

Methods  by  Which  Bacteria  Get  into  Waters 

It  was  mentioned  in  the  preceding  chapter  that  every  kind  of  bacteria 
has  at  one  time  or  another  been  introduced  into  the  soil,  and  the  same 
statement  applies  to  waters,  although  some  kinds  get  into  waters  less 
frequently  than  others. 

Bacteria  from  the  Soil. — As  water  flows  over  the  soil  or  percolates 
through  it,  some  of  the  soil  bacteria  are  gathered  up  by  it.  Naturally, 
then,  there  will  be  considerable  similarity  between  the  bacterial  flora  1 
of  soils  and  of  waters. 

Bacteria  from  Dust. — Surface  waters,  such  as  lakes  and  streams, 
collect  many  bacteria  from  dust  blowing  into  them.  Such  dust  is  com¬ 
posed  partly  of  dry  soil  but  is  likely  to  contain  various  kinds  of  organic 
material  as  well,  and  also  the  spores  of  many  kinds  of  fungi,  which  latter, 
however,  find  an  unfavorable  habitat  in  the  water. 

Bacteria  from  Animals. — Animals,  both  wild  and  domesticated, 
make  considerable  contributions  to  the  bacterial  flora  of  surface  waters. 
They  frequently  wade  in  the  water,  stand  in  it  during  hot  weather, 
particularly  if  flies  are  numerous,  and  often  drop  into  it  their  excreta, 
heavily  laden  with  bacteria  of  many  kinds. 

Bacteria  from  Human  Beings. — From  a  sanitary  standpoint  man 
is  the  worst  offender  in  destroying  the  virgin  purity  of  waters.  He  uses 
lakes  and  streams  for  bathing,  for  carrying  away  industrial  waste  pro¬ 
ducts,  and  for  the  disposal  of  sewage.  In  congested  centers  this  use  of 
waters  is  a  necessity,  for  any  other  method  of  getting  rid  of  these  things 
would  be  so  difficult  and  expensive  as  to  be  prohibitive.  From  the  stand- 

1  By  “bacterial  flora”  is  meant  the  kinds  and  numbers  of  bacteria  found 
in  a  given  place. 
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point  of  transmitting  human  diseases,  polluting  waters  with  soil,  rubbish, 
industrial  wastes,  and  even  animal  manure  is  comparatively  unimportant, 
for  these  things  rarely  contain  pathogens  capable  of  producing  human 
disease  when  swallowed  with  drinking  water.  Sewage  containing  human 
excreta  is,  from  a  bacteriological  standpoint,  the  most  dangerous  material 
that  pollutes  water,  for  people  with  communicable  diseases  of  many  kinds 
eliminate  the  causative  organisms  in  their  excreta. 

Fate  of  Bacteria  in  Water 

What  happens  to  bacteria  when  they  get  into  natural  waters  will 
depend  on  the  species  and  the  environmental  conditions  found  in  the 
waters. 

Food. — If  water  contains  much  organic  matter,  saprophytic  bacteria 
may  multiply  there.  This  does  not  apply  to  most  pathogenic  bacteria, 
however,  for  they  require  very  special  kinds  of  food,  such  as  body  fluids 
not  found  in  waters.  They  may  starve  where  there  is  plenty  of  food 
for  kinds  of  bacteria  that  can  use  it.  Waters  free  from  organic  matter 
may  be  favorable  to  the  development  of  some  autotrophic  species. 

Temperature. — The  temperatures  of  natural  waters  vary  somewhat, 
but  they  are  often  favorable  to  the  development  of  mesophilic  and 
psychrophilic  species.  Even  the  typhoid  germ,  Eberthella  typhosa,  will 
multiply  at  a  temperature  of  20°  C.  if  other  conditions  are  favorable. 
Many  other  human  pathogens  require  higher  temperatures.  Although 
natural  waters  are  too  cold  for  the  multiplication  of  these  species,  the 
low  temperature  will  not  kill  most  of  them  except  in  winter. 

Injurious  Agents. — Injury  by  low  temperature  has  just  been  dis¬ 
cussed.  Injurious  chemicals  are  rarely  found  in  natural  waters,  but  in 
some  localities  they  may  be  introduced  through  wastes  from  factories, 
laundries,  etc.  There  is  a  general  impression  that  aeration,  as  where 
rapid  streams  flow  over  rocks,  is  a  purifying  agent,  but  this  idea  has  little 
to  support  it  except  where  organic  matter  is  being  rapidly  oxidized,  a 
condition  which  does  not  exist  in  most  streams.  Light  has  some  de¬ 
structive  effect  on  bacteria  in  waters  exposed  to  it,  but  it  must  be  remem¬ 
bered  that  it  has  little  power  to  penetrate  water  in  strength  sufficient  to 
kill  bacteria.  In  standing  waters,  such  as  quiet  reservoirs,  sedimentation 
may  carry  bacteria  to  the  bottom,  where  they  die  from  various  causes. 
It  is  significant  that  when  a  few  pathogenic  bacteria  are  introduced  into 
a  large  body  of  water  they  fail  to  multiply,  and  they  become  so  scattered 
that  the  chance  of  their  being  swallowed  by  a  human  being  is  quite  un- 
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likely.  The  expression  “natural  purification”  is  used  to  summarize  the 
result  of  all  these  factors  acting  collectively  on  harmful  organisms  in 
waters  used  for  domestic  purposes. 


Water  as  a  Vehicle  for  Transmitting  Disease 


As  will  be  shown  more  in  detail  in  Chapter  XXI,  most  bacterial 
diseases  are  contracted  in  the  following  way:  The  organisms  live  and 
multiply  in  the  body  of  the  patient  and  rarely  anywhere  else.  During  the 
progress  of  the  disease  they  are  eliminated  with  the  different  bodily  dis¬ 
charges.  Most  of  them  fail  to  gain  entrance  to  the  body  of  another 
person  and  die,  but  a  few  are  more  fortunate,  and  the  disease  is  thus 
perpetuated. 

The  Water-Borne  Diseases. — Some  kinds  of  pathogenic  bacteria — 
for  example,  Clostridium  tetani ,  which  causes  tetanus  or  “lockjaw” — can 


Eb  tc/yobo  >*•  a  Sh.  cJ  Ljs  e  r>  t  e  r  iae  V  Comma. 

Fig.  hi.  The  organisms  causing  three  water-borne  diseases. 


be  swallowed  without  causing  disease,  and  are  consequently  not  significant 
in  water  bacteriology.  Actually  there  are  very  few  water-borne  diseases. 
The  principal  ones  are  five  in  number.  First  in  importance  in  this 
country  is  typhoid  fever,  caused  by  Eberthella  typhosa.  With  us  this 
is  more  important  than  all  others  combined.  The  others  are  Asiatic 
cholera,  caused  by  Vibrio  comma ,  not  now  present  in  the  United  States, 
although  it  has  several  times  been  introduced  here  but  later  eradicated ; 
bacillary  dysentery,  caused  by  Shigella  dysenteriae,  more  prevalent  in 
South  America  than  in  the  United  States;  amoebic  dysentery,  caused  by 
Endamoeba  histolytica ,  a  pathogenic  protozoan;  and  the  paratyphoid 
fevers,  mostly  caused  by  species  of  Salmonella  and  taken  more  often 
from  food  than  from  water. 

Methods  of  water  sanitation  in  the  United  States  are  based  on  the 
control  of  typhoid  fever  and  incidentally  do  much  to  control  other  water¬ 
borne  diseases. 
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Introduction  of  Pathogens  into  Water. — Some  confusion  has 
arisen  with  regard  to  the  terms  that  should  be  used  for  the  presence  in 
water  of  undesirable  foreign  materials.  To  secure  uniformity  in  usage 
the  following  terms  and  definitions  have  been  proposed  by  Prof.  George 
C.  Whipple  of  Harvard  University. 

1.  Poisoned — contains  a  poisonous  chemical  substance.  This  applies 
to  some  kinds  of  factory  waste. 

2.  Polluted — contains  refuse  not  of  a  poisonous  nature.  Pollution 
is  of  two  kinds : 

( 1 )  Befouled — contains  matter  not  of  excrementous  origin  tend¬ 
ing  to  make  it  unsightly  or  ill-smelling.  This  applies  mostly 
to  industrial  wastes. 

(2)  Contaminated — contains  excreta  from  human  beings  or 
animals. 

3.  Infected — contains  germs  of  disease.1 

Water  bacteriology  deals  chiefly  with  domestic  waters  that  have  been 
contaminated  and  may  or  may  not  contain  pathogenic  bacteria. 

The  infection  of  water  with  Eberthella  typhosa  comes  almost  ex¬ 
clusively  from  one  source,  the  intestinal  discharges  and,  less  frequently, 
the  kidney  discharges  from  human  patients  suffering  with  typhoid  fever  or 
who  are  carriers  2  of  the  disease.  These  discharges  may  get  into  a  water 
by  the  following  means:  (1)  discharge  of  sewage  into  the  water,  (2) 
leaching  through  the  soil  from  cesspools  and  privies,  and  (3)  surface 
wash  from  deposits  on  the  ground.  The  last  is  the  least  frequent,  and 
the  first  is  the  most  frequent.  In  thickly  populated  regions  practically 
every  river  has  sewage  discharged  into  it,  some  purified  and  some  not. 
Shallow  wells  in  cities  and  towns  are  generally  regarded  as  unsafe  for 
drinking  water  because  of  seepage  from  cesspools  and  privies. 

Tests  for  the  Purity  of  Drinking  Water 

It  is  a  regrettable  fact  that  the  majority  of  human  beings  have  to 
drink  water  that  has  been  contaminated  with  sewage  or  other  forms  of 
human  excreta.  By  artificial  or  natural  means  this  contaminating  ma- 

1  The  term  “infected”  water  is  seldom  used  for  the  reason  that  we  do 
not  often  know  for  a  certainty  that  a  given  water  actually  contains 
pathogenic  bacteria. 

2  The  term  “carrier”  is  used  to  designate  a  person  or  animal  who  harbors 
the  organisms  of  a  disease  but  is  not  at  that  time  showing  any  symptoms. 
Most  typhoid  carriers  have  had  the  disease  and  recovered  but  still  have  the 
organisms  multiplying  in  their  bodies. 
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terial  may  have  undergone  any  degree  of  purification  from  almost  none 
to  complete  purification.  It  is  a  matter  of  the  highest  importance,  there¬ 
fore,  to  be  able  to  test  the  purity  of  water  that  is  to  be  used  for  human 
consumption. 

There  is  no  one  test  or  even  combination  of  tests  that  is  wholly 
satisfactory,  but  there  are  several  that  have  great  value. 

The  Sanitary  or  Field  Survey. — Much  can  be  learned  by  a  study 
of  the  sources  of  the  water  supply.  Obvious  introduction  of  sewage 
can  be  noted,  as  well  as  sources  of  animal  excrement,  and  also  the  puri¬ 
fying  agencies  such  as  sewage  treating  plants,  filters,  settling  reservoirs, 
etc.  The  sanitary  survey  alone  is  inadequate,  however,  for  sewer  outlets 
discharging  beneath  the  surface  may  be  overlooked,  and  it  is  difficult  to 
estimate  the  efficiency  of  purification  plants  without  laboratory  tests. 
Such  tests  are  extensively  used  to  supplement  the  field  survey. 

Chemical  Tests. — The  most  important  chemical  test  is  the  determi¬ 
nation  of  the  state  of  the  nitrogen  in  the  water  in  terms  of  the  nitrogen 
cycle.  If  the  nitrogen  is  in  the  form  of  nitrate  it  is  safe  to  assume  that 
enough  time  has  elapsed  since  the  sewage  entered  the  water  to  permit 
natural  purification  to  dispose  of  the  dangerous  bacteria.  If,  on  the 
other  hand,  the  nitrogen  is  in  the  form  of  protein  or  ammonia  there  is 
the  possibility  that,  if  it  was  introduced  with  the  sewage,  this  happened 
so  recently  that  some  typhoid  germs  introduced  with  it  may  still  be  living. 
A  test  for  chlorides  is  sometimes  made  also  because,  since  chlorides  are 
eliminated  by  the  body  through  the  kidneys,  their  presence  may  indicate 
sewage  in  the  water.  This  test,  however,  has  but  limited  value :  ( i )  It 
is  an  unreliable  indicator  as  to  the  age  of  the  sewage.  (2)  It  may  indi¬ 
cate  the  presence  of  a  residue  from  a  water  that  has  been  purified  by 
chlorine  treatment.  (3)  The  chlorides  may  have  been  leached  from  a 
soil  containing  these  salts.  This  is  especially  true  in  some  of  the  moun¬ 
tainous  regions  of  the  Far  West. 

Bacteriological  Tests. — It  might  seem  that  the  most  logical  test  for 
the  purity  of  a  water  would  be  to  examine  it  for  the  kind  of  bacteria  in 
question.  This  has  been  called  the  direct  search  for  pathogens.  In 
actual  practice  it  has  been  found  impracticable  to  test  waters  for  the 
presence  of  Eberthella  typhosa.  There  are  several  reasons  for  this :  ( 1 ) 
The  best  methods  known  are  too  slow,  tedious,  and  expensive  to  be  used 
in  general  routine  water  analysis.  (2)  There  are  always  many  more 
individuals  of  harmless  species  than  of  this  one,  even  in  infected 
waters,  and  they  interfere  with  the  results.  (3)  By  the  best  methods 
we  have,  the  organisms  would  be  overlooked  unless  they  were  quite  nu- 
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merous  in  the  water,  because  such  a  small  amount  of  water  is  examined. 
If,  for  example,  there  were  only  one  typhoid  organism  to  a  quart  of 
water  it  probably  would  not  be  found,  but  a  supply  of  drinking  water 
infected  to  that  extent  would  probably  cause  a  serious  typhoid  epidemic. 
For  these  reasons  the  direct  examination  for  pathogens  is  not  used  in 
routine  water  analysis  and  seldom  even  in  research. 

Total  Count  of  Bacteria. — By  this  is  meant  an  enumeration  of  the 
total  number  of  individual  bacteria  in  the  water,  regardless  of  kind.  The 
method  is  to  put  small  measured  amounts  of  the  water  sample  into  Petri 
dishes,  add  melted  agar — cooled  to  about  42 0  C. — incubate  until  colonies 
have  developed  and  count  them.  For  several  reasons  (given  on  page  213, 
Chapter  XVII),  the  number  of  colonies  will  be  fewer  than  the  number 
of  bacteria  in  the  water.  This  test  has  certain  values,  even  though  there 
is  little  relation  between  the  total  count  of  a  water  and  its  likelihood  of 
being  infected.  If  the  count  is  high  the  bacteria  may  have  come  from 
sewage,  or  they  may  have  come  from  harmless  sources.  It  merely  indi¬ 
cates  that  the  water  is  high  in  organic  matter  which  favors  bacterial 
multiplication.  If,  however,  the  count  is  low  the  water  will  usually  be 
safe;  for  contaminated  waters  usually  contain  large  numbers  of  sapro¬ 
phytic  organisms,  even  though  but  few  pathogens.  Perhaps  the  greatest 
value  of  the  total  count  is  in  checking  the  efficiency  of  purification  plants. 

Test  for  Bacteria  of  the  Escherichia-Aerobacter  Group. — The 
most  satisfactory  method  for  determining  the  safety  of  a  water  supply 
from  the  standpoint  of  typhoid  fever  is  to  find  whether  or  not  intestinal 
matter  has  been  introduced  into  it,  and  if  so,  whether  or  not  it  has  since 
been  purified.  Escherichia  coli 1  is  a  normal  inhabitant  of  the  intestinal 
tract  of  all  human  beings,  sick  and  well,  and  does  not  find  a  suitable 
environment  in  waters,  soils,  or  anywhere  in  nature  except  in  the  bodies 
of  warm-blooded  animals.  For  this  reason  it  can  safely  be  assumed  that 
a  water  containing  it  in  large  numbers  has  recently  been  contaminated. 

In  routine  water  analysis  the  simplest  test  for  this  organism  is  to  inocu¬ 
late  a  small,  measured  amount  of  the  water  into  fermentation  tubes  of 
lactose  broth.  Since  Escherichia  coli  can  ferment  lactose  with  gas  pro¬ 
duction,  the  presence  of  gas  in  the  fermentation  tubes  after  twenty-four 
hours  incubation  at  3 7°  C.  indicates  the  presence  of  this  or  a  closely 
related  species.  The  value  of  the  test  is  weakened  by  the  fact  that  a 

1  In  much  of  the  literature  on  the  subject  this  organism  is  called  Bacillus 
coli — B.  coli  for  short.  The  student  must  not  be  confused  by  this  name  for 
the  same  species  which,  in  scientific  nomenclature,  is  now  called  Escherichia 
coli. 
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few  other  species  that  are  not  strictly  intestinal  but  are  widely  distributed 
elsewhere  will  give  similar  results.  This  is  called  the  “presumptive 
test”  for  the  coli-aerogenes,  or  the  Escherichia- A  erobacter  group.1  Con¬ 
firmatory  tests  are  sometimes  made  to  be  sure  that  the  gas  was  produced 


Fig.  i  12.  Presumptive  test  for  the  Escherichia- A  erobacter  group  of  organisms 
in  water.  The  fermentation  tubes  of  lactose  broth  show  gas  production  in  three 
out  of  five  tubes.  The  aluminum  caps  shown  here  are  more  convenient  than 
cotton  plugs. 

by  a  member  of  this  group  and  no  other.  These  are  called  “confirmed” 
and  “completed”  tests  for  the  group.  It  is  possible  by  additional  tests  to 
determine  which  species  in  the  group  is  present — whether  or  not  it  is  true 
Es.  coli — but  this  involves  considerable  extra  work  and  is  rarely  done. 

1  This  group  consists  of  all  species  of  Escherichia  and  all  species  of 
A  erobacter.  In  the  fourth  edition  of  Bergey’s  Manual,  22  species  of 
Escherichia  and  7  species  of  A  erobacter  were  listed.  Further  studies  in¬ 
dicated  that  most  of  these  were  variants  of  a  few  species,  and  the  number 
of  species  recognized  in  the  fifth  edition  is  only  two  for  each  genus.  Of 
these  four,  Es.  coli  is  almost  strictly  intestinal;  but  the  other  three,  Es. 
freundii,  A  erobacter  aerogenes ,  and  Aer.  cloacae  are  widely  distributed 
elsewhere,  especially  in  vegetation  and  soils,  although  often  also  found  in 
the  excrement  of  man  and  animals. 


TESTS  FOR  PURITY  OF  DRINKING  WATER  191 


It  should  be  emphasized  that  members  of  the  Escherichia- A erobacter 
group  are  not  in  themselves  harmful,  as  they  do  not  produce  disease  even 
though  numerous  in  the  water.  They  do  not  multiply  in  the  water  but, 
on  the  contrary,  they  die  out  rather  rapidly.  They  are  used  as  test 
organisms  because  Es.  coli,  especially,  indicates  pollution  of  the  water 
with  sewage  or  similar  material.  If  the 
number  of  Es.  coli  is  high  it  is  likely  that 
the  pollution  was  heavy  and  recent.  If  the 
number  is  low  one  of  three  things  is  indi¬ 
cated  :  either  the  amount  of  polluting  ma¬ 
terial  was  relatively  small,  or  it  became 
greatly  diluted,  or  considerable  purification 
has  taken  place.  In  any  case  the  danger  Fig.  113.  Escherichia  coli. 
from  typhoid  fever  is  slight.  A  small 

number  of  Es.  coli  are  likely  to  remain  in  water  after  natural  purification 
has  made  it  safe  to  drink. 

Although  the  “colon  group”  test 1  is  of  great  value  and  the  best  that 
we  have  for  determining  the  sanitary  quality  of  drinking  waters,  it  can 
hardly  be  called  a  specific  test  for  Eberthella  typhosa.  If  all  members 
of  the  Escherichia- A  erobacter  group  are  absent,  Eberthella  typhosa  will 
be  absent  also,  but  a  water  that  gives  a  positive  test  for  this  group  may 
or  may  not  actually  contain  the  typhoid  organism.  There  are  several 
conditions  under  which  Eb.  typhosa  will  be  absent.  ( 1 )  The  organism 
that  gave  the  positive  test  may  not  be  true  Es.  coli  and  may  not  repre¬ 
sent  contamination  at  all.  Particularly,  Aerobacter-aerogenes  has  its 
origin  in  vegetable  matter  although  it  may  also  be  in  sewage.  (2)  Even 
true  Es.  coli  is  not  necessarily  accompanied  by  Eb.  typhosa — i.e.,  if  the 
Es.  coli  came  from  an  animal  other  than  man  or  if  it  came  from  a  human 
being  who  was  not  a  case  or  a  carrier  of  typhoid  fever.  Probably  not 
one  per  cent  of  the  drinking  waters  that  fail  to  give  a  satisfactory  test 
for  the  absence  of  this  group  of  organisms  actually  contain  Eb.  typhosa. 
The  margin  of  safety  may  be  pretty  large,  but  it  is  better  to  condemn 
many  waters  that  are  not  dangerous  than  to  approve  one  that  is. 

This  test,  supplemented  by  the  field  survey,  has  served  a  very  useful 
purpose.  As  a  result  of  the  test  and  the  follow-up  work  of  water  purifi¬ 
cation  that  it  called  for,  the  prevalence  of  typhoid  fever  has  been  greatly 
reduced.  Bacteriologists  are  not  likely,  however,  to  discontinue  their 
search  for  a  better  test  or  an  improvement  of  this  one. 

xTo  call  this  the  “B.  coli ”  test  or  even  the  “Escherichia  coli ”  test  is 
misleading,  for  it  is  a  test  for  the  group  and  not  for  the  species. 
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Standardization  of  Bacteriological  Tests. — As  a  result  of  exten¬ 
sive  research  and  practice,  and  to  secure  uniformity  of  procedure  and 
interpretation,  standards  for  total  counts  of  bacteria  and  for  the  presump¬ 
tive  test  for  the  Escherichia- A erobacter  group  have  been  set  up.  In  1914 
the  United  States  Treasury  Department  set  up  a  standard  to  be  followed 
for  the  certification  of  drinking  waters  for  interstate  carriers — passenger 
trains,  etc.  Briefly  stated,  it  set  a  maximum  for  the  total  count  at  100 
colonies  per  cubic  centimeter  of  water  and  prescribed  that  not  more  than 
one  out  of  five  fermentation  tubes,  each  inoculated  with  10  cc.  of  the 
water,  shall  produce  gas  when  the  test  is  run  under  specified  conditions. 
This  might  be  interpreted  roughly  as  not  more  than  one  organism  of  the 
Escherichia- A  erobacter  group  in  each  50  cubic  centimeters  of  water. 
Amendments  of  1925  have  permitted  slight  modifications  of  this  last  re¬ 
quirement.  The  Treasury  Department  standard  is  widely  used  over  the 
country,  although  the  total  count  is  sometimes  omitted. 

For  the  details  of  procedure  in  making  studies  of  drinking  water,  the 
American  Public  Health  Association  has  published  since  1912  a  book  on 
Standard  Methods  of  Water  Analysis.  In  the  seventh  and  eighth  edi¬ 
tions,  1933  and  1936,  the  American  Water  Works  Association  has  been 
joint  author  of  this  publication.  The  book  seeks  to  standardize  the 
methods  for  conducting  the  tests  but  not  the  interpretation  of  results 
from  a  sanitary  standpoint. 

The  Purification  of  Drinking  Waters 

For  waters  that  have  been  found  unsatisfactory  from  a  sanitary 
standpoint,  methods  of  purification  have  been  devised.  Which  to  use 
will  depend  on  the  organism  to  be  killed  and  the  character  of  the  supply 
to  be  treated. 

Emergency  Treatment. — The  admonition  to  boil  water  suspected 
of  being  infected  has  some  value.  The  method  can  be  applied  quickly, 
and  it  is  effective.  However,  boiled  water  does  not  have  a  desirable 
flavor,  and  the  method  is  too  expensive  to  use  on  an  entire  water  supply. 

Disinfection. — A  number  of  chemicals  have  been  tried  for  the  disin¬ 
fection  of  water  supplies,  but  chlorine  has  proved  most  satisfactory  for 
killing  bacteria.  Formerly  calcium  hypochlorite  was  used,  but  it  has  been 
largely  replaced  by  chlorine  liquefied  under  pressure,  partly  because  the 
methods  then  used  for  adding  the  hypochlorite  powder  were  crude  and 
inaccurate.  Recently  these  methods  have  been  greatly  improved,  and 
now  calcium  hypochlorite  is  again  being  used  for  the  disinfection  of 
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water  supplies  in  small  towns.  A  low  percentage  of  chlorine  will  kill 
the  bacteria  of  water-borne  diseases,  but  even  the  best  of  regulations  may 
fail  to  give  the  proper  dosage  under  all  conditions.  The  addition  of 
ammonia  to  the  chlorinated  water  helps  to  prevent  a  disagreeable  taste. 

If  the  ammonia  is  added  as  a  gas  or  a  solution  of  the  gas  in  water  it 
unites  with  the  chlorine  to  form  chloramines. 

2C12  +  NH3  ->  NHC12  +  2HCI 

dichloramine 

Cl2  +  NH3  ->  NH2C1  +  HC1 

monochloramine 

The  chloramines  have  considerable  value  as  disinfectants,  although 
only  about  half  that  of  chlorine.  Chlorination  offers  a  quick  method  of 
treating  a  suspicious  supply  but  should  not  be  expected  to  replace  other 
methods,  such  as  filtration. 

Treatment  for  Algae. — Algae,  both  greens  and  blue-greens,  are 
sometimes  troublesome  in  reservoirs.  They  are  not  in  any  sense  dan¬ 
gerous,  and  while  living  their  presence  is  not  noted  by  the  consumer ;  but 
if  they  accumulate  in  large  quantities  and  then  die  they  impart  a  disagree¬ 
able  flavor  and  odor.  Fortunately  they  are  very  sensitive  to  the  presence 
of  copper  sulfate,  and  if  this  chemical  is  added  to  the  reservoir  when  they 
first  appear  in  small  quantities  they  can  be  controlled  without  impairing 
the  water.  The  dosage  commonly  used  is  five  pounds  or  less  per  million 
gallons  of  water.  The  small  amount  required  to  kill  algae  is  not  in¬ 
jurious  to  human  beings,  and  not  being  a  cumulative  poison  it  is  elimi¬ 
nated  from  the  body  without  harmful  results. 

Filtration. — For  the  purification  of  city  water  supplies  a  method  of 
filtration  is  generally  used.  There  are  two  types  of  filters,  known  respec¬ 
tively  as  slow  sand  filters  and  rapid  sand  filters. 

For  the  construction  of  a  slow  sand  filter  a  considerable  area  of  land 
is  required,  generally  several  acres.  This  is  suitably  graded  and  a  con¬ 
crete  floor  is  constructed.  On  this  floor  an  extensive  system  of  drainage 
tile  with  perforated  walls  is  laid  for  the  intake  of  the  filtered  water. 
The  tile  is  covered  with  coarse  gravel,  then  fine  gravel,  and  finally  two 
to  four  feet  of  sand  at  the  top. 

Without  pre-treatment  of  any  kind  the  water  to  be  filtered  is  flowed 
on  top  of  the  sand.  It  settles  by  gravity,  being  filtered  as  it  passes 
through,  and  is  collected  by  the  tile  drain  pipes  at  the  bottom  of  the 
filter.  From  there  it  is  pumped  into  a  reservoir. 

As  the  name  indicates,  the  process  is  a  slow  one.  The  sand  becomes 
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filled  with  foreign  matter,  after  which,  with  the  low  pressure  of  gravity, 
only  about  three  to  six  million  gallons  per  acre  per  day  flow  through. 
The  sand  is  cleaned  only  at  rare  intervals. 

The  removal  of  bacteria  is  accomplished,  not  by  the  straining  action 
of  the  sand,  for  the  spaces  are  much  too  large,  but  by  a  wholly  different 
principle.  There  accumulates  on  and  in  the  upper  layer  of  sand  a  col¬ 
loidal,  flocculent  material  which  collects  the  passing  bacteria.  This 
action  is  increased  by  the  fact  that  the  bacteria  have  a  negative  electric 
charge  and  the  colloidal  material  on  the  sand  grains  has  a  positive  charge, 
which  attracts  and  holds  them.  Their  ultimate  fate  is  destruction  by 
protozoa  that  inhabit  the  upper  layer  of  the  filter,  supplemented  by  the 
antagonism,  or  antibiosis,  of  saprophytic  bacteria.  A  good  slow  sand 
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Fig.  i  14.  Diagram  of  rapid  sand  filter  plant. 


filter  should  reduce  the  total  count  of  the  water  about  ninety-eight  per 
cent  and  destroy  all  of  the  dangerous  species. 

A  slow  sand  filter  is  not  very  efficient  until  the  layer  of  colloidal 
material  and  protozoa  is  established,  and  after  a  considerable  time  this 
becomes  so  impervious  to  the  passage  of  water  that  it  has  to  be  removed. 

A  rapid  sand  filter  is  constructed  in  a  manner  similar  to  that  of  a 
slow  sand  filter,  but  the  area  of  land  required  is  much  smaller,  as  the 
filter  is  kept  much  more  pervious  to  the  passage  of  the  water  by  frequent 
washing.  Many  rapid  sand  filters  deliver  100  to  125  million  gallons  of 
water  per  acre  per  day. 

In  the  operation  of  the  filter  a  coagulant  such  as  alum  or  iron  sulfate 
is  first  added  to  the  water  to  flocculate  the  finely  divided  clay  particles 
that  cause  turbidity.  When  the  water  so  treated  is  spread  on  the  filter  a 
thin  gelatinous  layer  of  this  flocculated  material  is  quickly  formed  on 
the  surface  and  in  the  upper  two  or  three  inches  of  the  sand,  and  this  is 
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the  real  filter  that  removes  the  bacteria  even  in  early  stages  of  its  forma¬ 
tion.  The  accumulation  of  this  material,  however,  soon  clogs  the  filter 
and  delays  the  flow  so  much 
that  it  has  to  be  removed.  In 
filtering  a  turbid  water  such 
clogging  may  take  place  three 
or  four  times  in  a  day.  The 
removal  is  accomplished  by  re¬ 
versing  the  direction  of  the 
water  so  that  it  rushes  vio¬ 
lently  upward  through  the 
filter  and  carries  the  accumu¬ 
lated  dirt  away. 

The  rapid  sand  filter  is 
nearly  as  effective  as  the  slow 
sand  filter.  It  requires  a  much 
smaller  area  of  land  and  it 
costs  much  less  to  install,  but 
the  operating  cost  is  greater 
because  of  the  pre-treatment 
and  the  frequent  washing. 

Many  more  cities  use  the  rapid 
type  than  the  slow. 

As  an  extra  precaution, 
filtered  waters  are  sometimes 
chlorinated  also,  although  the 
necessity  for  this  treatment 
with  a  good  filter  may  be 
questioned  except  for  waters 
with  an  unusually  high  pollu¬ 
tion. 

Although  filtration  plants  of  the  kinds  just  described  serve  well  to 
purify  waters  that  are  only  moderately  contaminated,  they  cannot 
make  good  drinking  water  from  sewage.  It  becomes  necessary,  there¬ 
fore,  to  purify  sewage  almost  completely  before  discharging  it  into  a 
stream  that  must  serve  as  a  water  supply  for  cities  and  towns  below. 


-  0  6;. 

Fig.  i  15.  Section  through  portion  of 
rapid  sand  filter.  The  filtered  water  is 
collected  and  carried  away  by  a  system 
of  pipes  at  the  bottom.  From  Steel’s 
Water  Supply  a?id  Sewerage.  McGraw- 
Hill  Book  Co.,  Inc. 
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Review  Questions 

1.  Why  is  rain  so  nearly  free  from  bacteria? 

2.  What  is  meant  by  “bacterial  flora”? 

3.  What  are  the  chief  sources  of  bacteria  in  a  mountain  stream?  What 

other  sources  add  to  the  bacterial  flora  of  streams  in  thickly  populated 
regions?  Which  has  the  greatest  sanitary  significance? 

4.  How  does  the  number  of  bacteria  per  cubic  centimeter  in  a  polluted 

water  compare  with  the  number  per  gram  in  a  fertile  soil? 

5.  Name  the  important  water-borne  diseases  and  the  organism  causing 

each.  Why  are  not  more  diseases  water-borne? 

6.  Give  a  classification  of  waters  on  the  basis  of  the  kind  of  undesirable 

foreign  matter  that  each  contains.  Why  is  the  term  “infected”  so 
little  used  in  describing  waters? 

7.  State  the  strong  and  weak  points  in  the  sanitary  field  survey.  Name 

two  chemical  tests  that  give  some  indication  as  to  the  sanitary 
condition  of  a  drinking  water. 

8.  Explain  fully  why  we  do  not  try  to  find  pathogenic  bacteria  in  routine 

water  analysis. 

9.  State  the  sanitary  significance  of  a  low  total  count  of  bacteria  in  water; 

of  a  high  total  count  of  bacteria  in  water. 

10.  What  is  the  most  important  use  made  of  the  total  count  in  water 

sanitation  ? 

11.  State  the  usual  habitat  of  Escherichia  coli ;  of  A erohacter  aerogenesl 

12.  What  is  the  name  of  the  group  that  includes  these  two  organisms? 

How  does  the  presence  of  members  of  this  group  in  water  suggest 
the  possibility  of  infection  with  Eberthella  typhosa ? 

13.  Why  is  Es.  coli  a  better  indicator  of  water  contamination  than  Aer. 

aerogenesl  State  all  the  conditions  under  which  a  water  might  con¬ 
tain  Es.  coli  but  not  Eb.  typhosa. 

14.  What  part  has  the  U.  S.  Treasury  Department  had  in  standardizing 

tests  for  the  purity  of  drinking  water? 

15.  What  chemical  is  most  used  for  killing  bacteria  in  drinking  water; 

for  killing  algae?  What  is  the  objection  to  algae  in  drinking  water? 

16.  Explain  how  a  sand  filter  is  constructed. 

17.  Explain  how  a  slow  sand  filter  reduces  the  number  of  bacteria  in 

water;  how  a  rapid  sand  filter  reduces  the  number  of  bacteria  in 
water. 

18.  Compare  the  slow  and  the  rapid  sand  filters:  ( a )  as  to  cost  of  installa¬ 

tion,  ( b )  as  to  cost  of  operation. 
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BACTERIA  IN  SEWAGE  DISPOSAL 

The  disposal  of  human  excreta  has  become  a  major  problem  of  sani¬ 
tation  in  regions  where  the  population  is  congested,  and  it  is  a  matter  that 
merits  careful  attention  even  in  rural  districts.  As  already  pointed  out, 
such  material  is  not  only  offensive  but  dangerous,  being  responsible  for 
the  perpetuation  of  certain  diseases. 

Methods  of  Disposing  of  Excreta 

Experience  has  shown  that  the  method  best  suited  for  this  purpose  is 
determined  largely  by  the  area  to  be  served  and  by  the  density  of  popu- 


Fig.  116.  Properly  constructed  cesspool.  The  walls  are  laid  without  cement 
or  mortar,  permitting  seepage  of  the  sewage  into  the  soil.  From  Hardenbergh’s 
Sewerage  and  Sewage  Treatment.  International  Book  Co. 

lation.  Methods  best  for  the  country  are  not  applicable  to  the  city  and 
vice  versa. 
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Outdoor  Toilets  or  Privies. — These  are  used  almost  exclusively  for 
homes,  schools,  etc.,  in  country  districts.  In  locating  and  constructing 
such  buildings  two  considerations  are  most  important.  ( 1 )  There  should 
be  no  opportunity  for  drainage  into  wells  or  other  water  supplies.  (2) 
They  should  be  made  proof  against  flies,  which  might  later  visit  the 
kitchen  and  dining  room. 

Ci  US  Gus 


Fig.  i  17.  Section  through  one  type  of  Imhoff  tank.  A  size  of  tank  commonly 
used  is  about  30  feet  left  to  right  by  80  feet  front  to  back,  using  several  tanks 
side  by  side. 

Cesspools. — These  devices  are  made  for  the  disposal  of  sewage  on  a 
small  scale,  as  from  a  residence.  They  are  used  mostly  in  villages  and  in 
the  outskirts  of  larger  towns  where  sewer  lines  have  not  yet  been  extended. 

A  cesspool  consists  essentially  of  a  hole  in  the  ground  into  which 
sewage  is  emptied.  The  walls  are  of  open  construction,  as  stones  or  brick 
laid  up  without  mortar,  so  that  the  sewage  can  seep  into  the  soil.  Cess- 
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pools  are  generally  built  in  the  back  yard,  covered  over  with  boards  or, 
preferably,  concrete  or  sheet  metal  that  is  not  subject  to  decay.  When 
covered  with  earth  and  grass  their  presence  is  not  noticed.  The  purifi¬ 
cation  of  the  sewage  and  escape  of  the  liquid  portion  into  the  soil  is 
automatic.  Saprophytic  organisms  digest  the  solid  organic  matter  and 
the  products  are  carried  away  into  the  soil  with  the  water.  At  the  same 
time  the  pathogenic  bacteria  are  destroyed  by  the  antagonistic  action  of 
the  saprophytic  species  and  to  some  extent  by  protozoa. 

Septic  Tanks. — For  the  purification  of  large  volumes  of  sewage  in 
cities  septic  tanks  are  extensively  used.  These  are  huge  rectangular  vats 
through  which  the  sewage  is  run  very  slowly  so  that  it  remains  subject 
to  anaerobic  digestion  for  from  six  to  twenty-four  hours.  Bubbles  of 
sewer  gas  rising  through  the  material  carry  some  of  the  suspended  solids 
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Fig.  i  18.  Activated  sludge  tanks  with  mechanical  aerator.  From  Steel’s  Water 
Supply  and  Sewerage.  McGraw-Hill  Book  Co.,  Inc. 

to  the  top,  forming  a  layer  several  inches  thick.  The  Imhoff  tank  is  a 
special  form  built  in  two  stories  with  slots  in  the  bottom  of  the  top  story 
through  which  the  solids  settle  into  the  lower  story  for  further  digestion. 
This  type  of  tank  is  provided  with  gas  vents  which  reduce  the  tendency 
of  the  solids  to  be  carried  upward. 

In  such  tanks  intense  anaerobic  decomposition  takes  place  through 
the  activity  of  many  of  the  common  facultative  and  strict  anaerobes. 
The  solid  organic  matter  is  rapidly  hydrolyzed  and  liquefied.  The  or¬ 
ganic  nitrogenous  material  is  converted  to  amino  compounds,  ammonia, 
etc.,  but  is  not  further  changed  to  nitrates  for  want  of  free  oxygen.  The 
less  digestible  material  forms  the  sludge,  which  requires  separate  treat¬ 
ment  by  burial,  or  drying  and  burning.  The  pathogenic  bacteria  cannot 
long  survive  the  intense  biological  action  that  goes  on  inside  a  septic  tank. 

Activated  Sludge  Process. — Recently  the  sewage  purification  meth¬ 
ods  that  use  septic  or  Imhoff  tanks  have  found  a  competitor  in  the  acti- 
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vated  sludge  process.  Whereas  the  septic  tank  favors  the  anaerobic 
bacteria,  the  activated  sludge  methods  favor  the  aerobes. 

After  the  grit  and  the  heavy  solids  have  been  removed,  the  sewage 
is  run  into  large  aeration  tanks  and  inoculated  with  “ripe”  sludge  from 
a  previously  treated  batch  of  sewage.  Two  methods  are  employed  for 
introducing  air  and  keeping  the  material  from  settling  during  the  first 
stages  of  the  process.  ( i )  Mechanical  agitators  keep  the  material  turn¬ 
ing  over  and  exposing  new  portions  to  the  air,  or  (2)  compressed  air  is 


Fig.  i  19.  Surface  view  of  trickling  filter  with  rotary  distributor.  From  Steel’s 
Water  Supply  and  Sewerage.  McGraw-Hill  Book  Co.,  Inc. 

bubbled  vigorously  through  it.  In  some  plants  a  combination  of  the  two 
methods  is  used. 

The  sludge  obtained  by  the  activation  method  is  greater  in  bulk  than 
that  from  the  Imhoff  tank,  but  it  has  such  a  high  fertilizer  value  that 
its  sale  helps  materially  to  pay  for  the  cost  of  operating  the  plant.  The 
septic  tank  sludge  is  composed  of  such  materials  as  cellulose  and  fats 
with  very  little  nitrogen  and  has  very  little  value  as  a  fertilizer.  The 
liquid  portion  of  the  purified  sewage  is  much  clearer  in  the  activation 
method  than  in  the  septic  tank  method,  gives  off  little  or  no  odor,  and 
needs  no  further  treatment. 
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Trickling  Filters. — Trickling  filters  consist  of  a  series  of  sprinklers, 
or  overhead  distributors,  that  discharge  the  sewage,  under  low  pressure, 
through  the  air  onto  a  deep  bed  of  loose  stones,  cinders,  or  other  coarse 
materials  through  which  it  drains,  thus  receiving  a  maximum  amount  of 
aeration.  These  filters  usually  are  not  run  continuously,  but  those  on 
one  area  are  “rested”  and  cleaned  while  those  on  another  area  are  in 
operation.  The  filters  do  not  remove  the  bacteria  mechanically  but 
facilitate  their  destruction,  coincident  with  the  rapid  and  almost  com¬ 
plete  oxidation  of  the  organic  matter.  Trickling  filters  are  not  suited 
for  handling  raw  sewage  but  passage  through  septic  tanks  followed  by 
trickling  filters  gives  particularly  good  results. 

The  Sludge  Problem 

The  term  “sludge”  is  used  for  the  wet,  solid  material  that  resists  the 
rapid  action  of  bacteria  in  septic  tanks  or  by  the  activation  method.  It 
contains  a  variety  of  things,  including  cellulose  and  even  grit  and  fats, 
unless  these  materials  have  been  removed  by  special  preliminary  treat¬ 
ment.  Being  resistant  to  bacterial  action,  sludge  accumulates,  and  its 
disposal  is  often  a  major  cost  item  in  sewage  treatment. 

Septic  Tank  Sludge  . — The  septic  tank  or  Imhoff  tank  is  more  effec¬ 
tive  than  the  activation  process  in  reducing  the  amount  of  sludge  to  a 
minimum.  However,  the  residue  is  a  wet,  soggy  mass  of  very  little  value 
for  fertilizer  or  any  other  purpose.  After  the  water  is  pressed  out  of  it, 
its  final  disposal  will  depend  upon  conditions.  Three  methods  are  worthy 
of  mention.  ( i )  It  may  be  buried,  especially  if  there  are  depressions  in 
the  land  nearby  that  need  filling.  (2)  It  may  be  dried  and  burned.  (3) 
Some  seaport  towns  load  it  onto  barges,  tow  it  to  sea,  and  dump  it. 

Sludge  from  the  Activation  Process. — Sludge  left  by  this  method 
is  relatively  bulky,  about  four  times  the  bulk  of  that  from  Imhoff  tanks, 
but  its  content  of  nitrogen,  potash,  and  phosphates  is  correspondingly 
high.  Its  value  for  fertilizer  may  be  sufficient  to  get  it  hauled  away  at 
low  cost. 

Sludge  Digestion. — A  relatively  new  method  of  reducing  the  volume 
of  sludge  is  to  submit  it  to  bacterial  digestion  at  a  temperature  somewhat 
above  its  surroundings. 

The  sludge  is  removed  from  the  liquid  portion  of  the  sewage  by  sedi¬ 
mentation.  Separate  treatment  is  then  given  to  the  two  portions.  The 
voluminous  liquid  portion  is  quickly  disposed  of  by  aeration,  while  the 
less  bulky  sludge  is  digested  for  several  weeks. 
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The  sludge  tanks  are  heated  to  a  temperature  of  8o°  F.  (270  C.)  or 
preferably  close  to  the  blood  temperature  (98°  F.,  370  C.).  This 
greatly  hastens  bacterial  decomposition  of  the  solids.  It  has  been  shown 
experimentally  that  the  action  of  thermophilic  bacteria  at  55 0  C.  is  more 
rapid  in  sludge  digestion  than  the  action  of  mesophilic  bacteria  at  370  C., 
but  the  cost  of  maintaining  the  higher  temperature  has  so  far  been  re¬ 
garded  as  prohibitive.  In  the  best  plants  sewer  gas,  which  forms  in  early 
stages  of  the  process,  is  collected  and  used  to  heat  water  for  warming 
the  sludge,  and  it  even  supplies  heat  for  the  buildings  in  which  the  puri¬ 
fication  plant  is  operated. 

After  about  a  month  the  remaining  portion  of  the  sludge,  which  is 
greatly  reduced  in  volume,  is  removed.  It  is  a  dark  brown,  carbonaceous 
mass  that  is  easily  dried  and  burned. 

Combination  Methods  for  Cities. — It  should  be  borne  in  mind  that 
in  sewage  disposal  three  things  must  be  accomplished :  ( 1 )  Pathogenic 
bacteria  such  as  Eberihella  typhosa  must  be  killed.  (2)  The  organic 
matter  must  be  changed  to  an  inorganic,  inoffensive  condition.  (3) 
Solids  that  resist  decay  must  be  disposed  of.  These  results  must  be 
obtained  at  a  minimum  of  expense,  which  will  be  high  enough  at  best. 
A  sewage  purification  plant  for  a  large  city  costs  millions  of  dollars  for 
installation  and  thousands  of  dollars  annually  for  operation.  Such  a 
plant  covers  several  acres  of  ground  and  is  so  operated  that  it  will  not 
be  offensive  to  the  community  where  it  is  located.  The  buildings  and 
grounds  are  generally  well  planned  and  attractive. 

The  agents  that  bring  about  these  changes  are  chiefly  bacteria.  Fungi 
do  not  thrive  in  liquids.  As  bacterial  action  is  to  be  encouraged,  chemical 
disinfectants  are  not  used  in  the  treatment  of  raw  sewage. 

The  planning  and  operation  of  a  sewage  disposal  plant  demands  the 
services  of  a  sanitary  engineer,  and  in  some  cases  it  is  a  real  challenge 
to  his  ingenuity  and  judgment.  The  operation  must  be  carried  on  in 
several  steps,  which  will  vary  with  conditions,  but  in  most  cases  will  be 
in  about  the  following  sequence. 

1.  Storm  sewage  (i.e.,  street  washings,  etc.)  and  sanitary  sewage 
(i.e.,  the  products  of  toilets,  bathtubs,  kitchen  sinks,  etc.)  are  collected 
and  disposed  of  separately,  as  the  storm  sewage  does  not  require  expen¬ 
sive  treatment. 

2.  A  screening  process  removes  the  coarser  materials,  and  these  are 
disposed  of  separately. 

3.  The  liquid  portion  is  sometimes  allowed  to  stand  in  a  settling 
basin  for  the  further  removal  of  the  heavier  solids. 
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4.  The  sewage  is  then  treated  by  one  of  two  devices:  a  septic  tank, 
or  an  activated  sludge  chamber. 

5.  If  the  septic  tank  method  is  used,  and  particularly  if  the  plant  is 
of  such  small  capacity  that  the  sewage  remains  in  it  an  insufficient  length 
of  time,  it  may  well  be  followed  by  trickling  filters.  These  finish  the 


Fig.  120.  View  of  sewage  purification  plant  at  Jackson,  Michigan,  showing  attrac¬ 
tive  arrangement  of  plant,  drives,  and  grounds.  Courtesy  of  The  Door  Co. 


decomposition  and  purification  and  aerate  the  product,  making  it  less 
offensive. 

6.  Chlorination  is  sometimes  given  before  the  sewage  is  discharged 
into  the  river,  but  this  is  not  generally  done. 

7.  The  sludge  must  be  disposed  of  in  the  cheapest  way  possible. 

Sewage  Purification  and  the  Nitrogen  Cycle 

In  the  purification  of  human  excreta  the  nitrogen  compounds  follow 
the  course  of  the  nitrogen  cycle.  In  raw  sewage  they  are  mostly  in  the 
organic  state.  Ammonification  takes  place  anaerobically  in  the  septic 
tank  and  aerobically  in  the  activated  sludge  chamber.  Nitrification  is 
inoperative  in  the  septic  tank  because  of  the  anaerobic  conditions  but 
proceeds  with  great  rapidity  in  the  activated  sludge  chamber  and  the 
trickling  filter.  The  sewage  effluent  carries  nitrates  into  the  river  where 
they  are  assimilated  by  algae  and  aquatic  flowering  plants. 
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Bacteriological  tests  of  the  progress  of  sewage  purification  are  not 
usually  carried  on  except  at  the  last.  Chemical  tests  are  easier  to  per¬ 
form  and  serve  the  purpose  better. 

Review  Questions 

1.  In  what  ways  are  human  excreta  more  objectionable  than  soil? 

2.  What  factor  is  most  to  be  considered  in  making  an  outdoor  toilet  sani¬ 

tary? 

3.  Describe  the  construction  of  a  good  sanitary  cesspool.  In  what  way  is 

disease  most  likely  to  be  spread  by  a  cesspool,  even  if  well  con¬ 
structed  ? 

4.  What  is  the  distinction  between  the  terms  “sewage”  and  “sewerage”? 

5.  What  is  the  distinction  between  storm  sewage  and  sanitary  sewage? 

Why  are  the  two  kept  separate  in  disposing  of  city  sewage? 

6.  How  does  an  Imhoff  tank  differ  from  a  plain  septic  tank?  What  is 

the  chief  purifying  agent  in  an  Imhoff  tank? 

7.  Compare  the  agents  of  purification  in  an  Imhoff  tank  with  those 

operating  in  an  activated  sludge  plant.  Which  is  the  more  rapid 
process  ? 

8.  Explain  how  a  trickling  filter  operates.  Why  is  sludge  so  slow  of 

digestion  ? 

9.  Compare  the  sludge  of  the  Imhoff  tank  with  that  of  the  activation 

process:  (a)  as  to  volume,  ( b )  as  to  chemical  content.  Why  is 
sludge  often  digested  in  separate  tanks? 

10.  Show  how  the  chemical  changes  that  take  place  in  sewage  purification 
parallel  the  nitrogen  cycle. 
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MICROORGANISMS  OF  THE  AIR 

The  idea  that  the  air  is  inhabited  by  microorganisms  is  an  old  one 
and  is  clouded  with  misunderstanding.  The  suspicion  that  we  get  dis¬ 
ease  from  the  air  is  based  partly  on  the  ancient  fallacy  that  ill-smelling 
odors  cause  disease  and  partly  on  the  fact  of  transmission  of  diseases  by 
mosquitoes  which  travel  through  the  air. 

Microflora  of  the  Air 

Air  is  a  more  suitable  environment  for  mold  spores  than  for  bac¬ 
teria,  for  two  reasons :  ( i )  Dryness  tends  to  kill  the  vegetative  cells  of 
bacteria,  but  fungus  spores  are  more  resistant  to  it.  (2)  In  the  air 
microorganisms  are  exposed  to  light  during  the  daytime,  and  light  is 
strongly  lethal  to  bacteria,  even  their  spores,  but  not  to  fungus  spores. 
Yeasts,  likewise,  are  quite  resistant  to  dryness  and  light.  Another  reason 


Fig.  12 1.  Microorganisms  commonly  found  in  the  air.  a,  spores  of  Rhizopus 
nigricans ;  b,  spores  of  Penicillium;  c,  spores  of  A spergillus ;  d,  yeasts;  e,  Sarcina 
lute  a;  f,  Bacillus  subtilis;  g,  Clostridium. 

for  the  greater  prevalence  of  fungus  spores  than  of  bacteria  is  that  the 
reproductive  processes  of  fungi  release  them  in  a  dry  state  into  the  air, 
while  bacteria  multiply  in  moist  places  from  which  they  do  not  readily 
escape. 

Actual  tests  show  that  the  microflora  of  air  consists  chiefly  of  the 
spores  of  Penicillium  and  other  molds,  yeasts,  bacterial  spores,  and  the 

205 


206 


MICROORGANISMS  OF  THE  AIR 


vegetative  cells  of  a  few  species  such  as  Sarcina  that  are  relatively  re¬ 
sistant  to  dryness. 

Sources  of  Microorganisms  in  the  Air 

It  should  be  understood  at  the  outset  that  microorganisms  do  not 
multiply  in  the  air.  Lack  of  moisture  and  food  make  reproduction  there 
impossible.  They  must  rise  from  places  where  they  have  found  favorable 
conditions  for  growth  and  be  distributed  by  air  currents. 

It  is  generally  realized  that  dust  bears  germs;  but  it  must  be  added 
that  many  of  them,  especially  mold  spores,  are  free-floating  and  not 
attached  to  foreign  particles. 

Where  refuse  organic  matter,  such  as  fruit,  vegetables,  etc.,  is  decay¬ 
ing,  even  with  a  limited  amount  of  moisture,  these  molds  develop  pro¬ 
fusely  and  release  their  spores  into  the  air  in  enormous  numbers.  If 
materials  undergoing  bacterial  decay  become  dry  and  are  pulverized,  the 
dust  thus  formed  will  be  laden  with  bacteria.  Strong  air  currents  tend 
to  increase  the  number  of  organisms  in  the  air,  from  which  they  settle  if 
the  air  becomes  quiet,  or  they  may  be  carried  to  the  earth  by  rain  or  snow. 

Significance  of  Microorganisms  in  the  Air 

As  long  as  microorganisms  remain  in  the  air  they  are  of  no  importance 
to  man.  When  they  come  to  rest  they  may  develop  and  become  beneficial 
or  harmful. 

In  Food  Manufacture. — What  is  known  as  spontaneous  fermenta¬ 
tion  of  sugary  solutions  to  form  alcoholic  beverages,  vinegar,  sauerkraut, 
ensilage,  dairy  products,  etc.,  is  often  due  to  bacteria  or  yeasts  that  have 
been  transported  through  the  air  and  have  settled  on  or  in  the  material 
to  be  fermented. 

Spoilage  of  Foods  and  Industrial  Products. — Both  bacteria  and 
molds  are  often  troublesome  in  the  home  and  in  establishments  where 
foods  and  other  organic  products  are  being  prepared.  They  are  a  source 
of  considerable  loss  in  grocery  stores  and  meat  markets.  Microorganisms 
may  come  from  the  air,  from  utensils  that  are  being  used,  or  from  the 
workers. 

Air-Borne  Diseases. — Although  infectious  diseases  are  sometimes 
caused  by  air-borne  organisms,  this  method  of  conveyance  is  much  less 
common  than  is  generally  supposed.  It  must  be  realized  that  small  par¬ 
ticles  such  as  bacteria  do  not  readily  leave  a  moist  surface  and  pass  into 
the  air.  Bacteria  do  not  ordinarily  leave  the  body  of  one  person  and  pass 
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through  the  air  to  another.  The  air  in  a  tube  or  flask  culture  of  bacteria 
is  sterile.  So  is  sewer  gas.  So  is  the  human  breath — even  the  breath  of 
a  sick  person.  If  the  walls  of  a  small  dusty  room  are  wiped  with  a  wet 
towel,  the  moving  dust  particles  soon  strike  the  wet  walls  and  stick  fast, 
leaving  the  air  of  the  rcom  sterile  or  nearly  so. 

Under  a  few  conditions  air-borne  infection  may  take  place.  The 
dust  formed  by  the  dried  and  powdered  sputum  of  a  tuberculosis  patient 
contains  living  and  dangerous  bacteria,  but  most  dust  does  not. 

Droplet  transfer,  an  important  variety  of  contact  transfer,  is  air¬ 
borne  in  one  sense.  Although  the  human  breath  is  sterile,  if  it  is  expelled 
with  violence,  as  in  coughing  or  sneezing,  it  may  carry  with  it  droplets 
of  the  secretions  of  mouth  or  nose.  If  a  person  is  afflicted  with  cer¬ 
tain  diseases  these  droplets  may  carry  the  causative  organism.  Such 
droplets  soon  evaporate  or  settle,  leaving  the  organisms  free  and  some¬ 
times  dead.  It  may  happen,  however,  that  another  person  inhales  the 
freshly  discharged  droplets  and  thereby  catches  the  disease.  It  may  be 
repeated,  for  emphasis,  that  the  importance  of  air-borne  infection  is 
generally  overrated,  and  often  gets  blamed  for  what  is  actually  contact 
infection. 

Review  Questions 

1.  What  are  the  principal  kinds  of  microorganisms  found  in  the  air? 

2.  Explain  how  fungus  spores  get  into  the  air.  Explain  how  bacteria  get 

into  the  air.  Why  do  not  bacteria  multiply  in  the  air? 

3.  If  you  wanted  to  free  the  air  in  a  small  room  from  microorganisms  how 

would  you  proceed? 

4.  Arrange  the  following  in  the  order  of  their  resistance  to  dryness:  (1) 

mold  spores,  (2)  bacterial  spores,  (3)  vegetative  cells  of  bacteria,  (4) 
yeasts. 

5.  What  are  the  chief  objections  to  microorganisms  in  the  air? 

6.  Under  what  conditions  is  air  most  likely  to  convey  the  organisms  of 

disease  ? 

7.  Under  what  conditions  are  diseases  most  likely  to  be  spread  through  the 

air? 
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BACTERIA  OF  MILK 

It  is  common  knowledge  that  pure  milk  is  almost  a  perfect  food  for 
most  higher  animals.  Cows’  milk  varies  with  the  breed,  stage  of  lacta¬ 
tion,  and  season  of  the  year,  but  on  the  average  it  has  approximately  the 
following  composition : 


Water 

87.25  per  cent 

Lactose 

4.8 

Fats 

3.8 

Casein 

2.8 

Albumin 

0.7  “ 

Salts 

0.65 

Milk  as  a  Culture  Medium. — Milk  is  also  an  excellent  culture 
medium  for  many  species  of  bacteria.  It  has  the  necessary  moisture, 
proteins,  and  mineral  salts.  The  lactose  can  be  used  by  a  considerable 
number  of  species ;  some  kinds  can  use  the  fats.  The  temperature  is 
generally  favorable  from  the  time  when  the  milk  is  drawn  until  it  is 
artificially  cooled.  By  actual  test  milk  has  been  found  to  be  a  suitable 
medium  for  the  development  of  hundreds  of  bacterial  species,  both  sapro¬ 
phytic  and  pathogenic.  This  fact  must  be  kept  in  mind  constantly  in  a 
consideration  of  this  chapter  and  the  next. 

How  Bacteria  Get  into  Milk 

Milk  that  is  free  from  bacteria  after  it  is  drawn  is  almost  unknown. 
As  a  rule  there  are  comparatively  few  at  first,  and  the  great  numbers 
often  found  later  are  the  result  of  multiplication.  Bacteria  may  be  intro¬ 
duced  from  several  sources. 

From  the  Udder  of  the  Cow. — At  all  stages  of  lactation  the  udders 
of  cows  usually  contain  bacteria,  which  may  vary  in  number  from  a  few 
hundred  to  several  thousand  per  cubic  centimeter  of  milk.  As  the  four 
quarters  of  the  udder  of  a  cow  are  not  directly  connected,  it  is  quite 
common  for  one  to  contain  many  more  bacteria  than  another.  Udder 
infections  may  be  important,  as  in  streptococcic  mastitis. 
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From  the  Skin  and  Hair  of  the  Cow. — The  hair  of  all  animals 
harbors  bacteria,  and  cows  are  no  exception.  The  condition  is  greatly 
aggravated  if  the  animals  lie  down  in  filthy  stables  or  barnyards.  If 
milking  is  done  by  hand  loose  hairs,  dust,  and  bacteria  are  dislodged  and 
fall  into  the  milking  pail,  especially  if  it  has  a  wide  opening.  Washing 
cows  just  before  milking  removes  some  dirt  and  loose  hairs,  though  not 
all,  but  washing  is  not  always  done.  In  the  finest  dairies,  however,  the 
cows  are  kept  in  quarters  that  are  surprisingly  clean,  the  hair  of  the 
udder  is  kept  clipped  short,  and  washing  of  the  udder  and  adjacent  parts 
is  a  routine  procedure. 

Dust  from  the  Air. — This  is  generally  a  minor  factor;  but  where 
wide-mouthed  pails  are  used,  and  cows  are  milked  out  of  doors  in  dusty 
yards  or  corrals  without  washing,  or 
when  hay  is  thrown  about  in  stables 
during  milking  time,  it  may  be  of  con¬ 
siderable  importance. 

Use  of  Unclean  Utensils.  — 

Strainers,  pails,  cans,  and  other  uten¬ 
sils  used  in  dairy  work  are  sometimes 
carelessly  washed  without  scalding,  and 
in  the  small  quantity  of  milky  water 
remaining  in  them  bacteria  multiply 
freely  before  the  utensils  are  used 
again.  Using  cloth,  cotton,  or  felt 
strainers  over  and  over  without  scald¬ 
ing  and  drying  is  particularly  objec¬ 
tionable.  In  the  early  days  of  milking 
machines  the  parts  that  came  in  con¬ 
tact  with  the  milk  were  often  so  poorly 
washed  that  machine-drawn  milk  showed  a  much  higher  bacterial  count 
than  hand-drawn  milk.  The  same  thing  can  happen  now  if  care  is  not 
used.  There  can  be  no  doubt  that  in  many  small  dairies  and  some  of 
the  larger  ones  failure  properly  to  scald  the  various  utensils  used  is  a 
major  factor  in  the  introduction  of  bacteria  into  milk. 

From  People  Handling  the  Milk. — People  sometimes  milk  cows 
with  dirty  hands  or  when  wearing  dirty  clothes.  They  may  also  con¬ 
taminate  the  milk  with  droplets  from  mouth  or  nose;  though  this  method 
may  not  contribute  large  numbers  of  bacteria,  the  kinds  are  much  more 
likely  to  be  dangerous  than  those  from  any  other  source.  Probably  the 
majority  of  milk-borne  epidemics  of  disease  were  started  in  this  way  by 


Fig.  122.  Sanitary  type  of 
milking  pail.  Courtesy  of  Cream¬ 
ery  Package  Co. 
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people  who  were  carriers  or  mild  cases  or  who  were  in  close  contact  with 
others  who  were  so  affected. 

Bacterial  Flora  of  Milk 

When  the  sources  of  bacteria  in  milk  are  considered  it  will  be  seen 
that  almost  any  and  every  kind  of  bacteria  may  be  introduced,  but  reali¬ 
zation  of  the  danger  and  precautions  taken  accordingly  do  much  to  pro¬ 
tect  this  product  from  pathogenic  species. 

Lactic  Acid  Producers. — These  represent  several  different  families, 
but  the  more  important  ones  belong  to  the  family  Lactobacteriaceae.  In 
the  usual  souring  of  milk  Streptococcus  lactis  plays  a  greater  part  than 
all  others  combined,  for  it  is  more  extensively  introduced  into  milk  than 
any  other.  It  multiplies  there  very  rapidly,  and  it  ferments  lactose 
promptly,  although  it  does  not  produce  as  high  a  concentration  of  lactic 
acid  as  do  species  of  the  genus  Lactobacillus. 


Fig.  123.  Streptococcus 
lactis. 


Fig.  124.  Lactobacillus  lactis. 


Lactobacillus  contains  fifteen  widely  distributed  species,  but  some 
species  are  more  common  in  one  part  of  the  world  than  in  other  regions. 
L.  casein  L.  acidophilus ,  and  L.  bulgaricus  are  the  most  important 
species  in  America. 

Some  of  the  Enterobacteriaceae  also  ferment  lactose — for  example, 
Escherichia  coli  and  Aerobacter  aero  genes — and  these  are  often  found 
in  milk,  where  they  multiply  rapidly;  however,  they  are  slower  in 
their  fermentive  action  than  Strep,  lactis ,  which  generally  has  soured 
the  milk  to  the  point  of  coagulation  before  much  acid  is  produced  by 
Es.  coli  or  Aer.  aero  genes. 

Objectionable  Non-pathogenic  Species. — In  addition  to  acid  pro¬ 
duction,  other  undesirable  changes  are  brought  about  by  bacteria.  The 
proteins  may  be  putrefied,  with  the  formation  of  disagreeable  flavors. 
This  is  done  by  many  species  of  the  genus  Bacillus ,  by  Proteus  vulgaris , 
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and  by  numerous  other  forms.  Species  of  Sarcina  are  very  common  in 
milk,  but  their  effect  on  it  is  comparatively  slight. 

Ropiness  1  in  milk  is  fairly  common.  It  is  produced  by  a  number  of 
capsulated  organisms,  particularly  Alcaligines  viscosus.  Such  milk  is 
not  deleterious  to  health  but  is  objectionable  on  account  of  its  appearance. 


Fig.  125.  Ropy  cream  caused  by  Alcaligenes  ‘viscosus.  From  Hammer’s  Dairy 

Bacteriology.  John  Wiley  and  Sons. 

Blue  milk  has  occasionally  been  reported ;  this  is  generally  due  to 
Pseudomonas  syncyanea  growing  in  an  acid  medium,  such  as  occurs  when 
milk  containing  this  organism  begins  to  sour. 

Pathogenic  Bacteria  in  Milk. — Occasionally  milk  becomes  infected 
with  pathogenic  bacteria,  a  misfortune  that  has  become  less  common  as 
milk  sanitation  has  improved  and 
pasteurization  has  been  made  more 
general.  In  the  past  milk-borne 
epidemics  of  typhoid  fever,  scarlet 
fever,  and  diphtheria  were  not 
uncommon. 

It  has  long  been  suspected  that 
tuberculosis  is  sometimes  con¬ 
tracted  by  drinking  milk  from  in¬ 


Fig.  126. 


Alcalignes  ‘viscosus.  show¬ 
ing  capsules. 


fected  cows,  but  as  this  disease  does  not  occur  in  epidemic  form  it  is  hard 
to  prove  the  source  in  any  individual  case.  Cows  with  tuberculosis  do 
not  give  infected  milk  unless  the  udder  itself  is  infected,  which  usually  is 
not  the  case.  Mycobacterium  tuberculosis  has  been  found  in  milk,  but  in 

1  The  term  “stringiness”  should  not  be  used  for  this  condition,  but  should 
be  reserved  for  milk  with  stringy  clots  coming  from  an  inflamed  udder. 
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most  cases  it  probably  was  introduced  with  stable  dirt  or  by  a  tuber¬ 
culous  worker  handling  the  milk. 


Fig.  127.  Sputum  from  a  tuberculous  patient  showing  Mycobacterium  tuberculosis 
inside  square,  and  other  bacteria,  corpuscles,  etc.,  outside. 


Two  similar  diseases,  Malta  fever  and  undulant  fever,  are  perhaps 

the  most  important  milk-borne  diseases  in  this 
country  at  the  present  time.  The  former, 
caused  by  Brucella  melitensis ,  has  long  been 
known  as  a  disease  of  goats,  communicable  to 
man  through  the  milk.  The  latter,  caused  by 
Br .  abortus,  takes  the  form  of  contagious  abor¬ 
tion  in  cattle  and  is  communicable  to  man  as 
undulant  fever.  The  two  diseases  are  so  much 
Fig.  128.  Brucella  abortus,  alike  in  the  symptoms  they  produce  in  human 

beings  that  many  class  them  as  the  same. 
Bacterial  Numbers  in  Milk. — Since  milk  is  such  a  good  culture 
medium  it  is  natural  to  expect  that,  if  allowed  to  stand  for  some  time  at 
room  temperature,  it  will  develop  enormous  numbers  of  bacteria  through 
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multiplication  of  those  previously  introduced.  That  the  number  will 
reach  millions  per  cubic  centimeter  has  been  abundantly  proved. 

The  number  of  bacteria  per  cubic  centimeter  in  milk  at  the  time 
when  it  is  consumed  is  determined  by  a  combination  of  four  factors : 

( 1 )  the  amount  of  initial  inoculation  received  in  milking  and  handling, 

(2)  the  time  interval  that  elapsed  between  production  and  consumption, 
during  which  the  bacteria  were  multiplying,  (3)  the  temperature  of 
the  milk  during  this  interval,  and  (4)  whether  or  not  the  milk  was 
pasteurized. 

Milk  in  the  udder  and  when  freshly  drawn  is  slightly  bactericidal 
to  some  species  but  not  to  others.  This  has  been  shown  in  two  ways. 
( 1 )  Streptococcus  lactis  inoculated  into  the  udder  through  the  teat  canal 
failed  to  multiply  there  and  apparently  died.  (2)  Bacterial  counts  made 
when  the  milk  was  freshly  drawn  and  again  a  few  hours  later  sometimes 
showed  a  decrease  in  numbers.  This  appears  to  be  due  partly  to  the 
action  of  the  phagocytes  in  the  milk  and  partly  to  a  germicidal  chemical. 
Whatever  the  explanation,  the  germicidal  action  is  of  short  duration,  and 
multiplication  supersedes  it  in  a  few  hours. 

The  lactic  acid  produced  by  fermentation  of  lactose  has  an  inhibitive 
effect  on  the  development  of  bacteria  in  milk.  It  is  very  marked  in  its 
restraint  of  the  species  that  cause  putrefaction,  but  even  the  organisms 
that  produce  lactic  acid  are  themselves  inhibited  by  it  when  a  certain 
strength  is  reached.  By  this  time,  however,  the  bacterial  numbers  have 
become  very  high. 


Bacterial  Tests  of  Milk 

Bacteriological  testing  of  milk  is  carried  on  for  a  very  different  pur¬ 
pose  from  that  of  water.  The  tests  of  water  are  made  to  estimate  the 
danger  of  its  causing  disease  in  people  who  drink  it.  In  milk  the  tests 
are  made  to  determine  whether  it  has  been  properly  handled  from  the 
standpoint  of  preserving  it  from  spoilage. 

Tests  for  Pathogens. — The  Escherichia- A erobacter  test  is  the  one 
most  used  for  water,  but  it  is  almost  never  used  for  milk.  Organisms  of 
this  group,  including  Es.  coli  itself,  are  present  in  most  milk  that  has  not 
been  pasteurized,  but  in  milk  it  is  not  an  indicator  of  Ebcrthella  typhosa, 
for  it  almost  surely  came  from  stable  dirt  and  is  of  bovine  origin. 

The  finding  of  pathogens  such  as  Eberthella  typhosa  by  direct  testing 
is  made  somewhat  easier  by  the  fact  that  in  milk  they  become  numerous 
through  multiplication,  but  the  great  numbers  of  other  species  increase 
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the  difficulty.  Such  examinations  are  rarely  made,  however,  for  the 
reason  that  milk  is  so  handled  that  it  is  almost  always  free  from  these 
organisms  and,  since  the  tests  would  generally  yield  negative  results,  they 
would  be  merely  a  waste  of  time. 

Total  Count  by  the  Plating  Method. — This  is  the  usual  method 
of  examining  milk,  and  the  procedure  is  standardized  to  give  uniform 
results  with  different  workers.1  A  special  beef  extract-glucose-milk  agar 
is  used  for  a  plating  medium,  and  the  plates  are  incubated  for  forty-eight 
hours  at  370  C.  Record  is  made  of  the  number  of  colonies  that  are  visible 


with  a  low-power  hand  lens  (about  4X)  at  the  end  of  the  incubation 

Formerly  it  was  assumed  that  the  number  of  colonies  would  be  ap¬ 
proximately  equal  to  the  number  of  living  bacteria  that  were  in  the  milk, 
but  it  is  now  realized  that  it  will  be  much  lower.  There  are  a  number 
of  reasons  for  this  discrepancy.  (1)  For  each  cell  to  produce  a  colony 
the  bacteria  would  have  to  be  well  separated.  In  milk  there  are  chains, 
packets,  and  irregular  clumps,  each  containing  two  to  many  cells  which, 
being  close  together,  would  form  but  one  colony.  (2)  Not  every  kind 
of  bacteria  will  grow  on  the  plating  medium  used  or,  indeed,  on  any 
one  kind,  and  those  that  find  the  medium  unfavorable  will  form  no 

1  See  Standard  Methods  for  the  Examination  of  Dairy  Products  (7th  ed., 
1939),  published  by  the  American  Health  Association. 
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colonies  and  will  not  be  counted.  (3)  Some  kinds  of  bacteria  will 
not  develop  colonies  at 
370  C.  (4)  Some  kinds 
develop  so  slowly  under 
any  conditions  that  they 
will  not  form  visible 
colonies  in  forty-eight 
hours.  (5)  It  may  be 
also  that  in  thickly  sown 
plates  some  rapidly 
growing  species  inhibit 
the  development  of  col¬ 
onies  by  other  species.  A 
number  of  investigators 
have  compared  total 
counts  by  this  method 
with  counts  made  by  the 
microscopic  method  de¬ 
scribed  below  and  have 
found  that  the  latter 
gave  ten  to  twenty  times 
as  many,  in  some  cases 
even  more.  It  is  likely, 
however,  that  part  of  the 
difference  was  due  to  the 
counting  of  dead  bacteria 
by  the  microscopic 
method. 

It  should  be  realized 
that  the  failure  of  this 
method  to  yield  as  many 
colonies  as  there  were 
bacteria  does  not  detract 
greatly  from  its  value, 
for,  after  all,  we  inter¬ 
pret  the  results  on  the 
basis  of  a  comparison  of 
one  milk  supply  with 
another  tested  by  the 

same  method  and  set  up  our  standards  accordingly. 


Fig.  130.  Two  Petri  dishes  from  a  bacterial 
test  of  milk.  The  lower  shows  the  more  satisfac¬ 
tory  number  of  colonies. 
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Direct  Microscopic  Count. — This  method  is  carried  out  as  follows: 
Exactly  0.0 1  cc.  of  the  milk  sample  is  spread  evenly  over  i  square  centi¬ 
meter  of  the  slide,  dried,  washed  with  xylene  to  remove  the  fat,  and  stained 
with  methylene  blue;  the  bacteria  are  then  counted  with  an  oil-im¬ 
mersion  lens.  The  area  of  the  field,  or  a  portion  of  it  marked  off  with 

a  special  ocular  micrometer,  must  be  known.  Usually  it  is  — 1 —  sq.  cm. 

3,000 

If  so,  it  is  easy  to  calculate  the  number  of  bacteria  per  cubic  centimeter 
from  an  average  found  in  30  fields  or  more  counted. 

The  microscopic  method  has  certain  advantages  and  certain  disad¬ 
vantages.  It  is  more  rapid  than  the  plating  method,  with  freedom  from 
the  burdensome  task  of  making  media  and  washing  dishes,  and  it  gives 
some  idea  of  the  kinds  of  bacteria,  as  well  as  the  numbers.  On  the  other 
hand,  it  includes  the  dead  bacteria  with  the  living,  a  fact  which  operates 
against  its  use  with  pasteurized  milk. 

Methylene  Blue  Reduction  Method. — This  method  is  considerably 
used  in  Denmark  and  neighboring  countries  and  is  being  tried  in  America 
for  milk  that  is  to  be  used  for  manufactured  products.  It  depends  on 
the  principle  that  methylene  blue  is  rapidly  reduced  and  thereby  decol¬ 
orized  by  the  action  of  bacteria,  which  consume  the  free  oxygen  dissolved 
in  the  milk. 

In  making  the  test  1  cc.  of  a  standard  solution  of  methylene  blue  is 
added  to  10  cc.  of  the  milk,  which  is  held  at  a  temperature  of  370  C. 
until  the  blue  color  disappears  except  at  the  top,  where  oxygen  is  being 
absorbed  from  the  air.  Though  some  kinds  of  bacteria  decolorize  the 
milk  more  rapidly  than  others,  it  may  be  said  in  a  general  way  that  the 
more  bacteria  there  are  in  the  sample  the  more  quickly  it  will  be  de¬ 
colorized. 

In  the  interpretation  of  the  results  it  should  be  understood  that  this 
test  is  to  determine  the  quality  of  milk  to  be  used  for  cheese  or  butter¬ 
making,  not  for  drinking,  as  it  is  not  sufficiently  sensitive  to  distinguish 
between  50,000  and  100,000  bacteria  per  cubic  centimeter,  for  example. 
The  following  table  may  be  taken  as  a  guide. 


QUALITY 

Good 

Fair 

Poor 

Poorest 


DECO  LORI  ZATION  TIME 

More  than  5p2  hours 
2  to  5p2  hours 
20  minutes  to  2  hours 
Less  than  20  minutes 


COLONIES  PER  CC. 

Less  than  500,000 
4,000,000  to  500,000 
20,000,000  to  4,000,000 
More  than  20,000,000 


This  method  has  the  advantages  of  requiring  no  expensive  apparatus 
and  of  being  so  simple  in  operation  that  any  careful  person  without  tech- 
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nical  training  can  use  it.  It  is  not  sensitive  enough  to  distinguish  accu¬ 
rately  between  samples  that  range  below  100,000  colonies  per  cubic 
centimeter. 

Legal  Standards  for  Bacterial  Numbers  in  Milk 

In  an  effort  to  persuade  dairymen  to  take  better  care  of  their  milk, 
many  cities  have  adopted  legal  standards  indicating  a  maximum  number 
of  bacteria  (meaning  the  maximum  number  of  colonies)  that  a  milk 
offered  for  sale  is  permitted  to  have.  These  standards  vary  greatly  for 
different  cities.  For  raw  milk  they  generally  range  from  100,000  to 
500,000  per  cubic  centimeter.  Some  cities  have  different  standards  for 
different  grades  of  milk.  Some  have  more  rigid  standards  for  the  winter 
months  than  for  the  summer  months.  For  pasteurized  milk  a  maximum 
of  50,000  is  fairly  common,  although  with  modern  pasteurizers  it  could 
be  made  much  lower.  For  certified  milk,  which  is  an  unpasteurized 
product  produced  under  practically  ideal  sanitary  conditions,  the  colony 
count  must  not  exceed  10,000.  Although  these  standards  are  not  always 
strictly  enforced,  they  have  offered  a  strong  incentive  to  dairymen  to 
give  the  consumer  a  better  product. 

The  Pasteurization  of  Milk 

About  the  middle  of  the  last  century  Pasteur  showed  that  the  devel¬ 
opment  of  undesirable  species  of  organisms  that  impaired  the  flavor  of 
wine  could  be  controlled  by  moderate  heating  of  the  grape  juice.  This 
technique  is  now  widely  used  to  prevent  the  spoilage  of  milk  and  the 
spread  of  disease  through  the  use  of  this  article  of  food. 

Methods  of  Heating. — The  criterion  for  heating  milk  is  to  apply 
just  enough  to  kill  the  tuberculosis  organism.  This  is  sufficient  to  kill 
other  non-spore-forming  pathogens  and  lactic  acid  producers.  It  will 
not  kill  thermophiles  nor  spore  formers.  The  degree  of  heat  required 
will  depend  upon  the  length  of  time  that  it  is  applied. 

There  are  two  methods  of  pasteurization  in  general  use.  One  is  the 
“flash”  method,  in  which  the  milk  is  heated  to  71 0  C.  (160°  F.)  or  a 
little  higher  for  fifteen  to  thirty  seconds  and  then  quickly  cooled.  One 
method  of  accomplishing  this  is  by  forcing  the  milk  in  continuous  flow 
through  pipes  in  which  the  first  part  of  the  system  is  heated  and  the 
terminal  portion  cooled. 

The  other  is  the  “holding”  method  in  which  the  milk  is  usually 
heated  to  62.5°  C.  (1430  F.)  for  thirty  minutes.  This  is  accomplished 
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by  the  use  of  commercial  pasteurizers,  which  are  large  closed  vats  in 
which  the  milk  is  heated  by  steam  coils,  being  automatically  stirred 
during  the  process  to  secure  a  uniform  temperature  throughout  and  pre¬ 
vent  a  scum  from  forming  on  the  surface.  This  method  is  generally 


Fig.  13 i.  Diagram  showing  proper  time  and  temperature  combination  (neutral 
zone)  for  pasteurizing  milk.  From  U.  S.  Public  Health  Service  Bulletin  No.  147. 

preferred  to  the  flash  method  because  it  gives  a  better  flavor  and  a  more 
uniform  cream  line  in  the  bottled  milk. 

Bottle  pasteurizers,  that  heat  the  milk  after  bottling  and  thus  prevent 
subsequent  contamination,  have  been  used,  but  these  have  never  become 
popular  on  account  of  the  expense  of  the  process.  Modern  methods  of 
filling  and  capping  bottles  by  machine  make  such  a  method  unnecessary. 

Whatever  method  is  used,  it  is  necessary  to  cool  the  milk  immediately 
following  pasteurization.  Mechanical  fillers  and  cappers  for  the  bottles 
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reduce  the  likelihood  of  contamination  in  bottling  as  compared  with  the 
older  method  of  doing  this  work  by  hand. 

Effects  of  Pasteurization. — Pasteurization,  if  properly  done,  can 
be  depended  upon  to  kill  the  dangerous  organisms  and  those  that  com- 


Fig.  132.  Modern  type  of  pasteurizer  heated  by  water  jacket.  Courtesy  of 

Creamery  Package  Co. 


monly  sour  the  milk.  More  resistant  species  and  spores  are  not  killed. 
If  pasteurized  milk  is  kept  too  long  these  develop  and  cause  it  to  pu¬ 
trefy,  producing  a  very  disagreeable  odor  and  taste.  If  the  milk  is  not 
overheated,  little  or  no  damage  is  done  to  the  valuable  enzymes  and 
vitamins,  there  is  no  change  in  the  flavor,  and  a  sharp  cream  line  forms. 
Recent  improvements  in  methods  of  controlling  the  temperature  during 
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the  process  have  revolutionized  the  results,  and  there  are  no  longer 
grounds  for  objecting  to  pasteurization.  In  most  of  our  large  cities 
nearly  all  the  milk  used  is  pasteurized.  Indeed,  it  would  be  nearly  im¬ 
possible  to  provide  an  adequate  supply  of  wholesome  raw  milk. 


Fig.  133.  Milk  cooler  in  which  the  milk  flows  by  gravity  over  a  corrugated 
surface  cooled  by  water.  Contamination  from  the  air  is  reduced  by  the  metal 
cover.  Courtesy  of  Creamery  Package  Co. 


Review  Questions 

1.  State  the  ingredients  of  which  milk  is  composed  in  the  order  of  their 

relative  abundance. 

2.  Name  the  chief  sources  from  which  bacteria  are  introduced  into  milk. 

3.  Which  of  these  is  most  important  from  a  sanitary  standpoint?  How 

can  each  be  reduced  to  a  minimum? 

4.  Name  all  the  factors  that  contribute  to  the  high  bacterial  count  of 

milk  at  the  time  it  is  consumed. 

5.  What  kinds  or  groups  of  bacteria  generally  predominate  in  raw  milk? 

6.  Give  the  generic  and  specific  name  of  the  organism  that  is  chiefly 

responsible  for  each  of  the  following:  (1)  stringy  milk,  (2)  red  milk, 
(3)  blue  milk,  (4)  sour  milk. 

7.  Give  the  commonest  source  of  each  of  the  following  in  milk:  (1) 

Mycobacterium  tuberculosis ,  (2)  Eberthella  diphtheriae ,  (3)  Cory- 
nebacterium  diphtheriae ,  (4)  Brucella  abortus ,  (5)  Streptococcus 
lactis. 
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8.  Do  bacteria  in  milk  do  more  harm  by  causing  disease,  or  by  causing 

spoilage  ? 

9.  Name  two  methods  for  making  total  counts  of  bacteria  in  milk.  Give 

four  reasons  why  the  number  of  colonies  counted  by  the  agar  plate 
method  is  fewer  than  the  number  of  bacteria  in  the  milk. 

10.  Describe  the  procedure  used  in  making  total  counts  by  the  direct 

microscopic  method.  Why  is  this  method  unsuitable  for  making 
counts  of  pasteurized  milk? 

11.  What  use  is  made  of  the  methylene  blue  reduction  test  of  milk?  Why 

is  this  test  not  suited  for  determining  the  quality  of  milk  to  be  used 
for  drinking? 

12.  Briefly  describe  the  two  methods  most  commonly  used  for  pasteurizing 

milk.  What  kinds  of  bacteria  does  pasteurization  fail  to  kill? 

13.  What  is  the  advantage  in  pasteurizing  milk  after  bottling  rather  than 

before?  What  are  the  disadvantages? 

14.  In  what  ways,  if  any,  is  milk  that  has  been  properly  pasteurized  inferior 

to  unpasteurized  milk? 

15.  H  ow  does  the  spoilage  of  pasteurized  milk  differ  from  that  of  raw 

milk? 
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The  work  of  dairy  bacteriology,  so  far  as  milk  itself  is  concerned, 
stresses  the  prevention  of  spoilage  by  bacterial  action,  with  some  concern 
for  public  health.  The  emphasis  in  the  bacteriology  of  dairy  products 
■ — butter,  cheeses,  etc. — is  considerably  different.  Here  we  deal  with 
materials  that  may  spoil,  to  be  sure,  although  not  so  readily  as  milk,  but 
that  very  rarely  transmit  disease.  An  additional  factor  is  to  be  con¬ 
sidered  here,  namely,  the  part  that  microorganisms  play  in  the  manufac¬ 
ture  of  these  products,  in  which  the  changes  they  induce  are  of  the 
greatest  importance. 

Loss  and  Gain  through  Bacterial  Action 

It  is  well  recognized  that  the  action  of  bacteria  and  fungi  is  mostly 
catabolic.  When  proteins,  sugars,  fats,  etc.,  are  destroyed,  the  resulting 
products — acids,  alcohols,  ammonia,  etc. — have  a  reduced  food  value. 
So  it  is  with  milk.  Its  total  food  value  is  higher  than  that  of  the  butter 
or  the  cheese  made  from  it,  partly  because  a  portion  is  discarded  in 
making  these  more  concentrated  foods,  and  partly  because  the  sugar  has 
been  fermented. 

In  return  for  this  loss  we  have  a  gain  in  flavor,  consistency,  and 
keeping  qualities.  We  get  foods  that  can  be  used  for  a  different  purpose 
or  in  a  different  way  from  milk. 

Butter. — Bacteria  are  not  absolutely  essential  to  the  making  of 
butter.  It  is  sometimes  made  from  sweet  cream.  As  a  rule,  however, 
the  lactose  in  the  cream  has  undergone  lactic  fermentation  and  has  devel¬ 
oped  new  flavors,  good  or  bad,  by  the  formation  of  bacterial  products. 

The  bacterial  content  of  cream  is  generally  high,  especially  if  it  has 
been  separated  from  milk  by  gravity,  a  method  which  requires  the  milk 
to  stand  two  or  three  days.  Cream  is  an  excellent  culture  medium,  as  it 
contains  all  the  ingredients  of  milk  but  in  different  proportions. 

In  the  making  of  butter  in  small  establishments  and  on  farms  the 
cream  usually  is  not  pasteurized  and  contains  various  kinds  of  bacteria 
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in  large  numbers.  Some  of  these  sour  it,  some  contribute  flavors  which 
are  often  undesirable.  In  good  creameries,  however,  the  situation  is  dif¬ 
ferent.  Cream  is  bought  from  various  sources,  mostly  from  those  se¬ 
lected  as  reasonably  good.  It  is  immediately  pasteurized,  usually  at  a 
temperature  several  degrees  higher  than  that  used  for  milk.  It  is  then 
inoculated  with  a  “butter  culture”  which  contains  Streptococcus  lactis 
and  also  other  species  that  contribute  aroma  and  flavor.  These  vary 
with  the  brand  of  butter  culture  but  usually  include  Leuconostoc  citro- 
vorus  and  Leu.  paracitrovorus. 

The  desirable  flavors  and  aromas  in  butter  are  due  to  the  presence  of 
a  number  of  substances,  including  acetic  and  propionic  acids  and  diacetyl, 
which  is  formed  by  the  oxidation  of  acetylmethylcarbinol.  The  unde¬ 
sirable  flavors  may  be  due  to  bacterial  decomposition  in  the  milk  or 
cream,  to  the  kinds  of  feed  eaten  by  the  cows,  or  to  volatile  materials 
absorbed  from  the  stable  or  elsewhere. 

After  churning,  the  butter  is  washed  and  worked.  This  process  re¬ 
moves  some  of  the  bacteria  and  some  of  the  non-fatty  ingredients  such  as 


Fig.  134.  View  of  highly  magnified  section  through  butter  showing  distribution 
of  water  droplets  and  bacteria.  Diagrammatic. 

casein,  albumen,  unfermented  lactose,  and  acids.  Salt  is  added  and  thor¬ 
oughly  worked  in.  The  final  product,  though  chiefly  butter  fat,  includes 
traces  of  casein,  and  water  in  the  form  of  very  tiny  droplets,  some  smaller 
than  a  bacterial  cell,  and  composed  of  a  strong  brine  because  they  have 
taken  up  much  of  the  salt  that  was  added. 

The  keeping  quality  of  butter  is  fairly  good,  for,  although  it  has 
retained  some  of  the  bacteria  of  the  cream,  it  lacks  sugars  and  protein, 
the  little  water  present  contains  so  high  a  percentage  of  salt  as  to  be 
antiseptic,  and  conditions  are  anaerobic  except  at  the  surface. 

Cheeses. — Cheeses  are  of  many  kinds,  and  all  require  microorganisms 
of  various  species  for  the  proper  development  of  flavors.  In  the  softer 
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cheeses,  such  as  Limburger,  bacterial  action  predominates.  For  Roque¬ 
fort  cheese  one  of  the  green  molds,  Penicillium  roqueforti ,  is  required, 
and  Camembert  cheese  calls  for  the  related  mold,  P.  camemberti.  These 
molds  do  not  act  alone  but  in  combination  with  several  bacterial  species, 
each  making  a  different  contribution,  so  that  the  entire  process  of  ripening 
in  any  kind  of  cheese  is  extremely  complex.  The  remainder  of  this 
discussion  will  be  limited  to  cheddar  cheese,  which  is  the  commonest 
American-made  cheese. 

In  the  manufacture  of  cheddar  cheese  whole  milk  is  used,  usually 
without  pasteurization.  In  many  cheese  factories  butter  culture  is  added. 

When  acid  formation  is  well  started  rennet 
and  salt  are  added.  The  rennet  coagulates 
the  casein  in  a  few  minutes,  the  action  being 
favored  by  the  lactic  acid  and  the  salt. 
After  the  whey  has  been  pressed  out,  the 
cheese  has  a  rubbery  consistency  and  a 
sweetish  taste,  as  some  of  the  lactose  is 
still  present.  The  bacterial  content  is  very 
high,  Strep,  lactis  predominating.  The 
whey,  which  is  discarded,  contains  most  of 
the  water  that  was  in  the  milk,  with  much 
of  the  sugar  and  mineral  salts,  some  lactic 
acid,  and  traces  of  albumin. 

In  the  ripening  of  the  cheese  a  number 
of  chemical  and  physical  changes  take  place. 
The  Strep,  lactis  rapidly  ferments  the  lac¬ 
tose.  The  proteolytic  enzymes  of  the  milk, 
supplemented  by  some  from  the  bacteria, 
partly  digest  the  casein,  making  the  cheese 
more  brittle  or  waxy  in  texture.  The  lactic  fermentation  by  the  Strep, 
lactis  and  the  formation  of  peptones  from  the  casein  favor  the  develop¬ 
ment  of  Lactobacilli,  which  supersede  the  Strep,  lactis  and  continue  the 
formation  of  lactic  acid.  The  sweetish  taste  is  replaced  by  a  distinctly 
sour  taste  and  the  flavors  characteristic  of  cheese  appear,  largely  as  a 
result  of  bacterial  action. 

If  acid  formation  does  not  promptly  take  place,  undesirable  flavors 
develop  from  the  putrefying  bacteria  that  would  have  been  suppressed 
bv  the  acid  if  it  had  formed. 

Sometimes  gas  bubbles,  indicated  by  small,  smooth  holes  with  round 
translucent  walls,  develop  in  the  early  stages  of  cheese  ripening.  This 


Fig.  135.  Penicillium  roque¬ 
forti. 
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usually  is  due  either  to  bacterial  action  by  members  of  the  Escherichia- 
Aerobacter  group  or  to  yeasts. 

When  a  cheddar  cheese  is  cut  open  a  rapid  growth  of  P enicillium 
takes  place  on  the  cut  surface  and  in  the  cracks  and  other  air  spaces. 
During  the  stage  of  ripening  this  growth  was  prevented  by  lack  of 
oxygen  within  the  body  of  the  cheese  because  the  gas  in  the  spaces  within 
the  cheese,  which  started  as  air  trapped  while  pressing  out  the  whey,  had 
lost  its  oxygen  by  replacement  with  carbon  dioxide  resulting  from  bac¬ 
terial  respiration.  The  hard  surface  of  the  cheese  and  the  coating  of 
paraffin  had  prevented  further  absorption  of  air  from  the  atmosphere. 

Lactic  Acid  Drinks. — Buttermilk  and  sour  milk  have  long  been 
found  palatable  by  some  people  in  all  countries.  About  the  close  of 
the  last  century  the  Russian  bacteriologist,  Elie  Metchnikoff,  developed 
the  idea  that  putrefying  bacteria  in  the  large  intestine  of  man  form  prod¬ 
ucts  which  are  distinctly  injurious  and  the  cause  of  definite  symptoms  of 
disease.  He  even  expressed  the  opinion  that  these  products  are  a  common 
cause  of  death  attributed  to  old  age.  The  remedy  he  advocated  and  used 
was  to  check  the  action  of  these  putrefiers  by  acidifying  the  intestinal 
contents  with  lactic  acid.  This  might  be  done  by  drinking  sour  milk, 
but  he  also  thought  it  might  be  accomplished  by  drinking  sweet  milk 
and  swallowing  cultures  of  Lactobacillus  bulgaricus.  It  was  hoped  thus 
to  establish  a  permanent  culture  of  this  organism  in  the  intestinal  tract. 
Experience  showed  that  this  species  finds  an  unfavorable  environment  in 
the  intestine  of  man  and  soon  dies  there,  but  that  Lacto.  acidophilus  is 
more  likely  to  survive.  Acidophilus  milk  is  now  considerably  used,  ap¬ 
parently  with  benefit  to  some  people. 

A  special  method  of  making  sour  milk,  originating  in  the  eastern 
Mediterranean  region  and  introduced  into  this  country,  is  by  the  use  of 
kefir  grains.  These  are  white  or  yellowish, 
irregular  masses,  varying  in  size  up  to  an 
inch  or  so  in  diameter.  They  consist  of 
zoogloea  masses  mixed  with  ingredients  of 
the  milk.  Entrapped  in  these  firm  gela¬ 
tinous  grains  are  Streptococci,  Lactobacilli, 
and  sometimes  other  kinds  of  bacteria  and 
yeasts. 

When  added  to  milk  these  grains  serve 
to  inoculate  it,  and  an  intense  acidity  re¬ 
sults,  along  with  the  production  of  alcohol 
and  carbon  dioxide.  Meanwhile  the  kefir  grains  grow  and  break  up  into 


Fig.  136.  Kefir  grains. 
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more  grains.  They  stand  drying  well  and  offer  a  convenient  method 
of  making  an  acid  milk  preparation  in  the  home. 

Ice  Cream. — Ice  cream  differs  from  those  dairy  products  just  dis¬ 
cussed  in  that  microorganisms  play  no  useful  part  in  its  preparation ;  in 
fact  they  are  wholly  deleterious. 

Until  recently  most  ice  cream  was  carelessly  made  and  often  con¬ 
tained  millions  of  bacteria  per  gram,  some  of  them  distinctly  harmful  to 
man.  Nowadays  good  ice  cream  establishments  use  a  better  grade  of 
cream  and  pasteurize  it  before  adding  the  flavoring  and  other  ingredients, 
so  that  it  has  become  almost  universally  a  wholesome,  nutritious,  and 
palatable  food. 

It  should  be  noted  that  methods  of  dispensing  it  to  the  public  at  ice 
cream  stands  are  sometimes  highly  unsanitary  and  call  for  supervision. 

Review  Questions 

1.  Name,  in  the  order  of  their  importance,  five  products  that  are  made 

from  milk. 

2.  Which  has  the  greater  total  food  value,  a  pound  of  cheese  or  the  milk 

required  to  make  it?  Explain. 

3.  What  does  butter  contain  in  addition  to  butter  fat?  How  can  undesir¬ 

able  flavors  in  butter  be  prevented  and  desirable  flavors  added? 

4.  What  inhibits  bacterial  multiplication:  (a)  on  the  surface  of  butter; 

( b )  within  the  water  particles;  (c)  in  the  butter  between  the  water 

particles  ? 

5.  How  is  the  casein  solidified  in  making  cheddar  cheese? 

6.  What  is  the  composition  of  the  whey  that  is  removed  in  making  cheddar 

cheese  ? 

7.  What  changes  take  place  in  cheddar  cheese  as  it  ripens? 

8.  What  organism  is  usually  responsible  for  the  spoilage  of  cheddar 

cheese?  Why  does  it  not  become  active  until  the  cheese  is  cut  open? 

9.  On  the  basis  of  what  theory  are  acid  milk  drinks  supposed  to  be 

healthful  ? 

10.  Explain  why  the  bacterial  count  of  factory-made  ice  cream  is  so  much 

lower  than  it  was  a  quarter  of  a  century  ago. 
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THE  PRESERVATION  OF  FOODS 

In  their  food  requirements  man  and  microorganisms  have  much  in 
common.  Both  depend  chiefly  on  organic  matter,  especially  proteins  and 
carbohydrates.  Each  has  evolved  methods  of  securing  such  foods,  and 
competition  is  intense.  It  is  only  through  man’s  intelligence  that  he  is 
able  to  meet  this  competition,  partially  but  not  completely. 

Selection  of  Foods  by  Microorganisms 

Bacteria  and  fungi  have  remarkable  powers  of  reproduction;  and 
with  the  natural  agencies  that  aid  in  their  distribution  they  become  scat¬ 
tered  almost  everywhere.  Whether  or  not  a  spore  or  other  reproductive 
body  will  develop  into  a  plant  in  the  place  where  it  has  fallen  is  largely 
determined  by  environmental  conditions — chiefly  food  and  moisture. 
Thus  we  find  yeast  plants  predominating  in  sugary  solutions  and  prac¬ 
tically  absent  in  decaying  animal  bodies,  where  bacteria  are  the  best 
represented  group.  Likewise  fungi  are  the  most  abundant  group  in 
decaying  fruits.  In  the  explanation  of  these  facts  we  must  assume  that 
all  such  materials  were  inoculated  with  bacteria,  yeasts,  and  molds  of 
many  species,  but  the  extent  of  their  development  was  determined  by 
the  following  principles :  ( i )  Bacteria  of  many  kinds  make  extensive 
use  of  proteins,  which  form  a  large  percentage  of  the  meat.  Most  of 
these  species  are  inhibited  by  the  acids  of  the  fruits.  (2)  Most  species 
of  yeasts  require  sugary  foods,  are  facultative  anaerobes,  and  are  not 
inhibited  by  the  acids  of  fruits,  which  they  often  spoil.  (3)  Molds  are 
not  inhibited  by  fruit  acids,  and  some  are  favored  by  them.  They  readily 
penetrate  cellulose  walls.  Being  mostly  aerobic,  they  cannot  develop 
below  the  surface  of  liquids  such  as  cider.  (4)  If  both  bacteria  and 
molds  are  growing  together  in  a  medium  such  as  a  cooked  vegetable 
that  is  favorable  to  both,  the  bacteria  inhibit  the  development  of  the 
molds  and  take  possession  of  the  material.  The  moisture  content  of 
the  material  that  is  decaying  may,  however,  be  a  determining  factor. 
Fungi  can  grow  abundantly  on  or  in  a  substratum  that  is  much  below 
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the  moisture  requirements  of  bacteria.  Damp  hay  and  grain,  for  ex¬ 
ample,  may  mold  without  undergoing  much  bacterial  decay. 

Causes  of  Food  Spoilage 

That  microorganisms  are  the  chief  causes  of  food  spoilage  has  already 
been  indicated.  The  blanket  statement  that  fruits  are  decomposed  by 
molds,  meats  by  bacteria,  vegetables  by  both,  and  sugary  solutions  by 
yeasts,  has  considerable  practical  value  but  some  exceptions.  For  ex¬ 
ample,  some  kinds  of  bacteria  play  an  important  part  in  the  decay  of 


Fig.  137.  Section  through  pear  showing  autolysis  around  core. 


tomatoes,  and  molds  are  much  more  important  than  bacteria  in  the 
spoilage  of  hams  and  bacon. 

There  is  still  another  cause  of  food  spoilage  that  in  some  cases 
becomes  important.  This  is  autolysis.  Autolysis  is  best  illustrated  by 
the  overripening  of  fruits.  In  the  normal  process  of  ripening  several 
enzymes  play  a  part,  softening  the  texture,  forming  sugars  from  starches 
and  acids,  etc.  When  the  fruit  has  become  ripe  some  of  these  enzymes 
continue  to  act,  with  the  result  that  the  fruit  becomes  soft  and  dark 
colored,  even  though  it  contains  no  microorganisms  in  the  interior. 
Autolysis  is,  in  general,  more  common  in  fruits  than  in  vegetables  and 
more  rapid  in  some  kinds  of  fruit  than  in  others.  It  is  particularly 
conspicuous  in  bananas  and  pears,  where  it  becomes  a  limiting  factor  in 
the  length  of  time  they  can  be  kept.  It  is  also  of  practical  importance 
in  the  ripening  of  meats. 

Changes  That  Take  Place  in  Foods  as  a  Result  of  Spoilage 

These  are  fairly  well  known  even  to  the  layman,  who,  however, 
lacks  detailed  and  exact  information  concerning  them. 
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Animal  Products. — The  most  important  of  these  are  meat,  milk, 
and  eggs.  Decay  of  meat  and  eggs  is  due  mostly  to  bacteria  of  many 
kinds.  The  sugar  content  is  low  and  acid  formation  is  consequently 
insufficient  to  inhibit  the  action  of  putrefying  species.  The  bacteria 
digest  the  proteins,  with  the  formation  of  proteoses  and  peptones,  which 
are  further  broken  down  into  indol,  skatol,  hydrogen  sulfide,  mercaptans, 
histamines,  ammonia,  etc.  Some  of  these  are  volatile  and  produce  vile 
odors.  Fats  decompose  more  slowly,  due  largely  to  their  low  moisture 
content.  They  are  hydrolyzed  into  fatty  acids  and  glycerol,  which  in 


Fig.  138.  Potato  tubers  with  dry  rot  caused  by  a  species  of  Fusarium.  Left, 
surface  view;  right,  sectional  view  showing  mycelium  in  small  cavities. 


turn  are  fermented  into  alcohol  and  various  organic  acids,  some  of  which, 
such  as  butyric,  contribute  disagreeable  odors  and  flavors. 

Fruits. — The  spoilage  of  fruits  consists  largely  of  softening,  oxida¬ 
tion  with  accompanying  browning,  and  fermentation  of  the  sugars  into 
acids,  alcohols,  and  carbon  dioxide.  Disagreeable  flavors  and  odors  are 
not  conspicuous.  Very  often  the  presence  of  a  visible  mold  is  the  chief 
subject  of  complaint. 

Vegetables  and  Starchy  Foods. — Here  a  softening  is  brought  about 
by  the  hydrolysis  of  the  cell  walls  and  the  starch.  The  sugars  thus 
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formed  are  fermented  into  organic  acids,  carbon  dioxide,  and  alcohol. 
Visible  molds  are  often  present,  and  the  most  conspicuous  odor  is  the 
mustiness  of  the  mold.  Discoloration,  due  largely  to  oxidation,  is  a 
prominent  feature. 

The  Preservation  of  Foods 

Nature  has  made  some  provision  for  the  preservation  of  seeds  from 
the  time  when  they  form  until  they  germinate  into  new  plants.  The 
fleshy  fruits  that  enclose  seeds  are,  in  the  immature  state,  unpalatable 
to  most  animals  and  resistant  to  the  attack  of  saprophytic  microorganisms. 
When  mature,  the  seeds,  especially  those  of  dry  fruits,  have  such  a  low 
moisture  content  that  they  safely  pass  the  winter  in  a  dormant  state, 
unless  eaten  by  animals. 

The  methods  of  food  preservation  devised  by  man  are  all  old.1  They 
were  used  by  primitive  peoples  who  knew  neither  the  cause  of  decay  nor 
the  reasons  why  their  methods  of  preservation  succeeded  or  failed.  Since 
the  discovery,  less  than  two  centuries  ago,  that  decay  is  brought  about 
by  microorganisms  and  that  preservation  is  dependent  on  killing  or  in¬ 
hibiting  these  competitors,  great  improvements  have  been  made  in  all 
these  processes. 

Refrigeration. — In  the  broadest  sense  of  the  term,  refrigeration  in¬ 
cludes  any  and  all  cooling  of  foods  for  the  prevention  of  decay.  By  this 
definition  it  is  and  always  has  been  the  most  widely  practiced  method  of 
food  preservation.  Even  without  ice  or  mechanical  refrigerators  places 
can  everywhere  be  found  that  are  not  so  hot  as  others. 

Refrigeration  has  a  tremendous  advantage  for  some  kinds  of  foods 
in  that  it  causes  less  change  in  the  food  than  does  any  other  method — in 
most  cases  practically  none.  Generally  it  is  a  relatively  inexpensive 
process,  although  the  cost  will  depend  on  the  method  used,  the  tem¬ 
perature  sought,  and  the  length  of  time  the  food  is  to  be  kept.  In  a 
sense  refrigeration  acts  as  an  antiseptic,  checking  the  action  of  the 
organisms  without  killing  them. 

The  temperature  to  be  used  in  refrigeration  is  an  important  con¬ 
sideration,  but  arbitrary  rules  must  be  tempered  with  judgment.  In 
most  cases  the  best  temperature  would  be  o°  C.,  or  a  little  below,  as 
the  freezing  point  of  the  liquids  in  most  foods  is  depressed  by  the  solutes 
included  in  the  water.  It  is  inconvenient  and  expensive,  however,  to 

1  Strictly  speaking,  canning  is  an  exception  to  this  statement,  but  heating, 
which  is  an  essential  part  of  the  canning  process,  has  long  been  practiced 
to  delay  food  spoilage. 
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hold  refrigerators  at  such  low  temperatures,  and  so  an  expedient  approach 
to  this  temperature  is  usually  made  to  suffice.  In  practice,  in  the  home, 
good  ice  refrigerators  commonly  stand  at  8°  C.  to  n°  C.  (47°  F.  to 
520  F.).  Mechanical  refrigerators  are  held  a  few  degrees  lower  and 
are  adjustable  to  a  wider  range  of  temperature.  It  must  be  remembered 
that  some  molds  and  psychrophilic  bacteria  will  develop  slowly  even  at 
these  temperatures. 

Actual  freezing  is  used  to  some  extent  in  the  preservation  of  eggs 
in  a  liquid  state,  some  vegetables,  such  as  green  peas,  and,  of  course, 
ice  creams  and  sherbets. 

Drying. — This  method  has  for  centuries  been  used  extensively  by 
both  uncivilized  and  civilized  peoples,  for  meats  and  fruits  and  to  some 
extent  for  vegetables.  Drying  so  alters  the  texture  and  flavor  that  it 
is  unsuitable  for  some  kinds  of  food.  Lettuce,  radishes,  and  watermelons, 
dried  and  then  soaked  up,  would  lose  their  charm. 

Ancient  methods  of  drying  consisted  of  cutting  the  material  into 
thin  pieces  and  spreading  it  out  in  the  sun  or  applying  artificial  heat. 
It  was  not  successful  for  such  foods  as  milk  and  eggs,  in  whose  high 
water  content  organisms  developed  and  caused  spoilage  before  drying  was 
far  enough  advanced  to  prevent  it. 

Modern  methods  have  made  it  possible  to  dry  practically  any  kind 
of  food  without  spoilage.  The  application  of  a  few  simple  principles 
of  physics  has  made  the  difference.  Evaporation  is  accelerated :  ( 1 )  by 
raising  the  temperature,  even  though  not  high  enough  to  cook  the 
food;  (2)  by  increasing  the  surface  exposed  to  the  air;  (3)  by  air 
currents  that  carry  away  humid  air  and  replace  it  with  drier  air; 
and  (4)  by  substituting  a  partial  vacuum  for  ordinary  air  in  the  drying 
chamber. 

In  the  drying  of  milk  and  eggs  special  apparatus  is  required.  There 
are  two  methods  in  commercial  use.  In  one  the  material  to  be  dried 
is  spread  in  a  thin  layer  on  moderately  heated  drums  that  slowly 
revolve  in  a  heated  chamber,  which  in  some  cases  is  operated  under  re¬ 
duced  atmospheric  pressure  to  hasten  evaporation.  Drying  takes  place 
rapidly,  and  the  layer  of  dried  milk  or  egg  is  scraped  off  in  a  scaly 
condition  and  then  pulverized.  In  the  other  method  the  material  is 
sprayed  into  a  similar  chamber  of  considerable  size  and  settles  to  the 
bottom  as  a  practically  dry  powder.  If  it  is  found  to  contain  more 
than  about  two  per  cent  of  moisture,  further  drying  in  thin  layers 
may  be  necessary. 

The  degree  of  dehydration  required — i.e.,  the  percentage  of  moisture 
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that  may  be  permitted  to  remain  in  the  food — Is  dependent  on  these 
principles.  ( i )  Foods  that  contain  sugars,  acids,  or  other  solutes  in  con¬ 
siderable  quantity  may  be  permitted  to  retain  more  water  than  those 
that  do  not.  In  dried  meats,  milk,  and  eggs  the  moisture  content  may 
be  only  about  2  per  cent,  though  fruits  will  keep  with  a  moisture  content 
of  25  to  30  per  cent.  Their  concentrated  juices  set  up  such  a  high 
osmotic  pressure  that  they  inhibit  microorganisms  or  even  kill  them. 
This  is  true  of  jams,  jellies,  syrups,  and  molasses,  which  are  far  from  dry. 

(2)  In  acid  foods  loss  of  moisture  may  so  concentrate  the  acid  as  to 
bring  it  above  the  degree  that  organisms  can  tolerate.  Its  action,  then, 
is  antiseptic.  (3)  Much  difference  exists  among  kinds  of  microorganisms 
as  to  the  amount  of  moisture  they  require  under  the  conditions  stated 
above  or  others.  Although  there  is  no  inflexible  rule,  molds  generally 
make  more  trouble  with  dried  foods  than  do  bacteria. 

After  foods  have  been  dried  they  may  later  absorb  some  moisture 
from  the  surrounding  air.  This  naturally  gives  more  trouble  in  humid 
than  in  arid  climates.  To  some  extent  this  difficulty  can  be  reduced  by 
keeping  the  dried  product  in  moisture-proof  containers. 

Heating  and  Canning  (Processing). — The  use  of  heat  alone  has 
only  a  temporary  effect  in  preserving  foods.  It  kills  the  intruding 
organisms — some  or  all  of  them — but  unless  something  is  done  to  prevent 
reinfection  the  result  is  only  temporary.  Spoilage  is  delayed  but  will 
take  place  later.  In  this  way  heat  has  been  used  as  a  preserving  agent 
for  centuries  and  still  plays  an  important  role  in  the  home.  If  a  stew, 
a  roast,  or  a  cooking  of  vegetables  is  large  enough  for  several  meals, 
it  may  be  kept  wholesome  by  heating  at  intervals  of  a  day  or  two  and 
keeping  in  a  cool,  clean  place  in  the  meantime.  If  the  interval  between 
heatings  is  too  long,  spoilage  sets  in,  and  the  method  fails. 

To  obtain  a  more  permanent  effect  from  heating,  the  canning  method 
has  come  to  play  a  tremendous  part  in  the  economy  of  food  consumption. 
The  discovery  that  food  could  be  preserved  in  this  way  was  an  outgrowth 
of  the  controversy  over  spontaneous  generation  and  was  shown  to  be  of 
practical  value  by  Appert  in  1810  (see  Chapter  II).  The  method  was 
slow  to  receive  general  favor  for  at  least  three  reasons:  ( 1 )  It  was  not 
given  the  publicity  that  such  a  discovery  would  receive  today.  (2)  The 
technique  was  not  perfected,  and  the  results  were  often  failures. 

(3)  Other  methods  of  preservation  filled  the  primitive  needs  of  the 
times. 

Canning  became  a  well-known  practice  in  the  home  more  than  a  half 
century  before  it  was  commercialized.  For  a  generation  or  two  the 
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open  kettle  method  was  the  only  one  extensively  used,  and  it  was  re¬ 
stricted  to  fruits  and  other  acid  foods,  such  as  rhubarb.  In  this  method 
the  fruit  is  briefly  cooked  in  a  kettle,  ladled  into  a  jar  that  is  scalded 
but  not  really  sterile,  and  sealed  with  a  cover  that  is  only  scalded.  Prob¬ 
ably  every  can  when  finished  contains  some  viable  bacterial  spores  and 
sometimes  fungus  spores  also,  although  most  of  the  latter  are  killed,  as 
are  also  the  yeasts. 

The  open  kettle  method  is  generally  successful  with  fruits  but  not 
with  vegetables  and  meats.  Even  if  a  can  of  fruit  contains  living  spores 
of  molds,  Bacilli,  and  Clostridia,  it  will  probably  keep.  The  molds  are 
aerobes  and  cannot  make  much  development  without  air,  which  is  ex¬ 
cluded.  This  applies  also  to  the  Bacilli.  The  Clostridia  are  anaerobes 
but  are  inhibited  by  the  acid,  as  are  also  the  Bacilli.  If,  however,  a  can 
of  corn,  meat,  or  soup  contains  organisms  of  these  three  kinds,  the  molds 
and  Bacilli  would  be  held  back  by  the  anaerobic  conditions,  but  the 
Clostridia,  commonly  Cl.  sporogenes,  would  be  likely  to  develop  and 
spoil  the  food. 

Th  ree  methods  have  been  used  to  apply  sufficient  heat  to  cans  of 
food  to  preserve  them.  These  follow  the  experience  gained  in  bac¬ 
teriological  laboratories. 

(1)  The  long  heating  method.  In  this  first-used  procedure  the  cans 
are  filled,  loosely  sealed,  and  given  a  single  long  period  of  continuous 
heating  at  the  temperature  of  boiling  water,  generally  two  to  five  hours, 
depending  on  the  kind  of  food.  Foods  with  a  neutral  reaction  require 
more  heat  to  kill  the  spores  than  do  those  that  are  acid.  When  the  heat¬ 
ing  is  finished  the  covers  are  tightened. 

(2)  Intermittent  heating.  In  this  method  the  cans  are  filled  and 
sealed  as  above,  and  then  heated  at  the  boiling  point  of  water  for  a 
short  time — ten  to  twenty  minutes — on  three  successive  days.  The  first 
heating  kills  the  vegetative  cells  but  not  the  resistant  spores  of  Bacillus 
and  Clostridium.  In  the  interval  between  the  first  and  second  heatings 
some  of  the  spores,  hut  not  all,  germinate  into  vegetative  cells  and  are 
killed  by  the  second  heating.  It  is  hoped  that  before  the  third  heating 
the  remainder  of  the  spores  will  have  germinated  so  that  the  final  heat¬ 
ing  will  kill  them.  Experience  has  shown,  however,  that  this  does 
not  always  happen.  This  method  was  never  very  popular,  and  it  has 
been  almost  entirely  abandoned. 

(3)  Heating  under  pressure.  This  is  the  newest  method  of  steriliz¬ 
ing  foods,  although  it  was  used  for  sterilizing  culture  media  a  quarter  of 
a  century  earlier.  Success  depends  upon  the  physical  principle  that 
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although  a  liquid  does  not  become  hotter  if  heating  is  continued  after 
the  boiling  point  is  reached,  the  boiling  point  will  rise  if  the  atmospheric 
pressure  surrounding  the  liquid  is  increased. 

In  operation  the  cans  (usually  tin)  are  filled,  sealed,  and  placed  in 
an  autoclave  or  pressure  cooker.  Steam  under  pressure  is  generated  or 
admitted  and  the  air  in  the  heating  chamber  is  allowed  to  escape.  The 
steam  is  then  confined  partly  or  wholly,  increasing  the  pressure  surround¬ 
ing  the  cans  and  raising  the  boiling  point  to  the  required  temperature. 
The  actual  temperature  and  the  length  of  time  for  which  it  need  be 
applied  depends  on  the  kind  of  food  being  processed  and  the  size  of  the 
cans.  The  cans,  if  of  tin,  are  usually  cooled  with  water  as  soon  as  the 
autoclave  is  opened.  This  is  the  chief  method  used  in  commercial  can¬ 
ning,  and  it  is  doubtful  if  the  industry  could  have  made  much  progress 
without  it.  It  is  not  so  extensively  used  in  the  home  as  are  other  methods, 
largely  because  glass  jars  break  if  tightly  sealed  and  autoclaved,  and 
outfits  required  for  the  use  of  tin  cans  are  rather  expensive. 

Repeated  testing  has  shown  that  none  of  these  methods  can  be  de¬ 
pended  upon  for  complete  sterilization.  Often  some  of  the  more  re¬ 
sistant  bacterial  spores  survive.  As  a  rule,  however,  they  do  not  de¬ 
velop  in  the  cans  because  of  acidity,  lack  of  air,  or  other  unfavorable 
conditions. 

Spoilage  of  Canned  Foods. — A  small  percentage  of  cans  show  spoil¬ 
age  after  a  time  in  both  home  canned  and  factory  canned  products.  This 
may  be  due  either  to  insufficient  heating  or  to  imperfect  sealing.  Spoilage 
in  canned  fruits  is  generally  due  to  Penicillium ,  less  often  other  molds, 
or  occasionally  yeasts.  Spoilage  of  canned  vegetables  and  meats  is  fre¬ 
quently  caused  by  Clostridia  or,  if  the  fault  is  imperfect  sealing,  to  other 
bacteria,  especially  those  of  the  genus  Bacillus. 

Preservation  by  Chemicals. — This  old  method  is  used  in  many 
forms;  some  of  the  newer  ones  are  restricted  by  law.  The  chemicals 
used  by  the  ancients  were  salt  and  smoke  for  meats,  spices  for  pickles 
and  preserves,  sugar  in  high  concentration  for  jams  and  jellies,  and  lactic 
acid  for  milk  drinks  and  sauerkraut.  These  were  called  “natural” 
preservatives. 

As  progress  was  made  in  chemistry  and  bacteriology  and  certain 
substances  were  found  to  be  toxic  or  antiseptic  to  microorganisms,  some 
of  these  substances  were  added  to  foods  to  preserve  them — e.g.,  borax, 
sulfites,  or  nitrates  to  meat;  boric  acid  to  eggs  in  liquid  form;  formalde¬ 
hyde  to  milk;  and  benzoates  and  salicylates  to  preserves,  cider,  catsup, 
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and  canned  foods.  Legal  restrictions  have  been  placed  on  their  use  by  the 
Federal  government  and  by  most  of  the  states. 

Although  some  of  these  chemicals  are  harmful,  especially  to  children, 
others  are  not  so  in  the  minimum  quantities  required  and  are  not 
cumulative  in  the  body  as  are  lead  and  phosphorus.  However,  the 
temptation  to  over-dosage — i.e.,  to  add  more  than  the  necessary  amount, 


Fig.  139.  Layer  of  Penicillium  growing  in  the  top  of  an  imperfectly  sealed  can 

of  strawberries. 

which  might  produce  acute  illness — and  the  tendency  to  neglect  sanitary 
precautions  in  the  care  of  the  food  if  the  use  of  preservative  chemicals  is 
permitted,  make  these  pure  food  laws  seem  justifiable,  even  though  they 
discredit  a  very  cheap  and  easy  method  of  food  preservation. 

Dangers  From  the  Use  of  Cooked  Foods  That  Have  Spoiled 

People  do  not  generally  eat  foods  that  show  visible  spoilage,  but 
sometimes  if  the  appearance  or  taste  is  nearly  normal  they  take  a  chance 
rather  than  throw  the  article  away. 

Most  of  the  organisms  that  cause  decay  of  foods  are  harmless  sapro¬ 
phytes,  but  there  are  three  forms  of  sickness  caused  by  organisms  growing 
in  spoiled  foods  that  should  be  mentioned  here. 

One  has  improperly  been  called  “ptomain  poisoning”  because  it  was 
thought  that  the  ptomains  produced  in  connection  with  the  spoilage 
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caused  the  symptoms.1  The  symptoms  are  chiefly  gastric  and  intestinal 
irritation  with  spasmodic  abdominal  pain,  purging,  and  sometimes  vomit¬ 
ing.  It  is  now  known  that  toxic  products  of  bacterial  action,  formed 
in  the  food  before  it  is  eaten,  rather  than  ptomains,  are  responsible  for  the 
symptoms.  The  student  should  look  upon  the  expression  “ptomain 
poisoning”  as  obsolete  and  misleading  and  should  use  the  term  “bacterial 
food  poisoning”  instead.  The  toxic  substances  are  somewhat  resistant 
to  heat,  not  being  completely  destroyed  by  a  brief  period  of  boiling. 
This  form  of  bacterial  food  poisoning  or  intoxication  is  caused  by 
Staphylococcus  aureus  and  perhaps  other  species. 

A  very  different  form  of  bacterial  food  poisoning  is  botulism,  or 
botulinus  poisoning.  The  causative  organism,  Clostridium  botulinum, 


is  widely  distributed,  and  if  a  few  happen  to  be  swallowed  no  disease 
follows,  as  the  species  is  saprophytic.  It  is  a  spore-forming  anaerobe, 
however,  and  if  given  suitable  food  and  if  air  is  excluded,  as  in  sealed 
cans  of  meat  or  vegetables,  it  produces  a  very  deadly  exotoxin.  The 
symptoms  are  notably  different  from  those  of  other  forms  of  bacterial  food 
poisoning.  There  is  little  or  no  abdominal  pain,  but  there  is  paralysis, 
first  of  the  muscles  of  accommodation  of  the  eye,  so  that  the  eyes  will  not 
focus,  and  later  of  the  muscles  of  respiration,  a  condition  which  often 
results  in  death.  The  botulinus  toxin  is  thermolabile  and  destroyed  by 
a  few  minutes  of  boiling,  a  precaution  that  should  be  carried  out  es¬ 
pecially  with  home-canned  vegetables  and  meats  before  they  are  eaten. 

1  Another  widespread  erroneous  belief  is  that  leaving  food  in  a  tin  can 
increases  the  danger  from  this  kind  of  sickness.  Although  this  idea  is  based 
on  coincidence  only  and  has  been  thoroughly  disproved,  still  many  people 
cling  to  it  and  insist  on  emptying  canned  goods  into  some  other  kind  of  vessel 
for  storage. 
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The  third  form  of  sickness  caused  by  infected  foods  differs  from 
those  described  above  in  that  living  organisms,  growing  in  the  food 
and  causing  little  or  no  spoilage,  infect  the  intestinal  tract  without  hav¬ 
ing  produced  an  exotoxin.  The  resulting  illness  is  characterized  by 
abdominal  pain  and  diarrhea  which  generally  lasts  two  or  three  days, 
sometimes  longer.  The  term  “paratyphoid  fever”  is  applied  to  certain  of 
these  infections,  in  which  the  causative  organisms  are  species  of  Salmonella 
— most  frequently,  Sal.  enteritidis  and  Sal.  typhimurium. 

Review  Questions 

1.  As  microorganisms  become  scattered  by  air  currents  and  other  agencies, 

what  condition  or  factor  is  most  important  in  determining  which 
shall  survive  and  reproduce? 

2.  What  group  of  microorganisms  is  chiefly  responsible  for  the  spoilage 

of  each  of  the  following:  (i)  fruits,  (2)  vegetables,  (3)  meats,  (4) 
sugary  liquids?  Explain  why. 

3.  What  is  meant  by  autolysis?  Give  an  example  of  benefit  from  autolysis 

and  one  of  harm. 

4.  Give  two  reasons  why  fat  meat  keeps  better  than  lean. 

5.  Name  two  of  the  oldest  methods  of  food  preservation  and  two  of  the 

most  modern. 

6.  What  modern  improvements  have  been  made  in  the  process  of  refrig¬ 

eration?  Explain  how  refrigeration  preserves  foods. 

7.  Explain  how  we  can  successfully  dry  eggs  and  milk  although  the  an¬ 

cients  were  unable  to  do  so.  Why  may  dried  fruits  have  a  higher 
moisture  content  than  dried  meat  and  eggs? 

8.  What  group  of  microorganisms  gives  most  trouble  in  spoiling  dried 

foods  that  have  too  high  a  moisture  content? 

9.  Describe  three  methods  of  heating  cans  of  food  sufficiently  to  sterilize 

them. 

10.  What  is  meant  by  the  “open  kettle”  method  of  canning?  In  this 

method:  (a)  What  prevents  spoilage  by  molds?  (b)  What  prevents 
spoilage  by  Bacillus  spp.?  What  prevents  spoilage  by  Clostridium 
spp.? 

11.  If  corn  or  meat  is  canned  by  the  open  kettle  method  what  kind  of 

organisms  would  be  most  likely  to  cause  spoilage? 

12.  Why  are  tin  cans  preferred  to  glass  for  use  in  an  autoclave  or  pressure 

cooker  ? 

13.  What  group  of  microorganisms  is  most  likely  to  cause  spoilage  in  each 

of  the  following:  ( a )  cans  of  fruit  that  are  not  perfectly  sealed,  ( b ) 
cans  of  meat  that  are  not  perfectly  sealed,  (c)  cans  of  meat  and 
vegetables  that  are  perfectly  sealed  but  not  completely  sterilized? 
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14.  Name  three  chemical  substances  or  mixtures  that  are  classed  as 

“natural”  preservatives.  Why  are  they  not  prohibited  by  law? 

15.  Name  five  chemical  substances  the  use  of  which  is  restricted  by  law. 

For  what  kind  of  food  was  each  formerly  used?  If  the  Federal 
government  has  legal  restrictions  on  the  use  of  food  preservatives 
why  do  the  states  need  to  have  them  also? 

16.  Give  a  non-valid  reason  and  two  valid  reasons  that  have  been  offered 

against  the  use  of  food  preservatives. 

17.  Give  a  better  name  for  the  kind  of  sickness  that  has  been  called 

“ptomain  poisoning.”  What  causes  the  symptoms  in  this  kind  of 
sickness?  If  the  food  is  heated  before  it  is  eaten  to  what  extent  is  the 
danger  reduced? 

18.  What  is  the  cause  of  botulism?  How  do  its  symptoms  differ  from 

those  of  bacterial  food  poisoning?  Explain  how  heating  food  just 
before  use  protects  against  botulism. 


CHAPTER  XX 


INDUSTRIAL  MICROBIOLOGY 

In  the  manufacture  of  many  products  the  use  of  microorganisms  has 
become  highly  commercialized.  Few  who  have  confined  their  interests 
to  the  field  of  medical  bacteriology  realize  the  range  and  importance 
of  the  industrial  field.  When  we  emphasize  the  importance  of  chemistry 
to  the  bacteriologist  we  would  do  well  to  remember  that  it  is  in  the 
industrial  field  that  this  supporting  subject  is  most  needed. 

In  its  broadest  sense  industrial  microbiology  includes  all  applications 
of  microorganisms  to  the  manufacture  of  commodities  for  profit.  The 
main  groups  of  such  commodities  are  as  follows :  ( i )  dairy  products, 

especially  butter  and  cheeses;  (2)  alcoholic  beverages  and  commercial 
alcohol — also  alcohols  other  than  ethyl;  (3)  biological  products  such  as 
vaccines  and  serums;  (4)  acids  for  commercial  use,  including  lactic, 
acetic,  citric,  oxalic,  and  propionic;  (5)  other  organic  compounds — 
acetone,  glycerine,  enzymes,  etc.  To  these  should  be  added  a  sixth  group 
of  miscellaneous  changes — the  making  of  sauerkraut  and  ensilage,  the 
curing  of  tobacco,  the  tanning  of  leather,  the  processing  of  natural  rubber, 
the  retting  of  flax  to  obtain  the  fiber  from  the  straw,  etc. 

It  will  be  noted  that  some  of  these  products  are  manufactured  on  so 
large  a  scale  that  a  separate  branch  of  this  science  has  been  set  up  for 
them — for  example,  dairy  manufactures,  and  the  brewing  and  distilling 
industries. 

In  all  fields  of  industrial  microbiology  we  have  a  combination  of  the 
art  or  practice  with  scientific  principles.  Some  of  the  products  listed 
above  were  made  after  a  fashion  long  before  the  organisms  that  aid  in 
the  process  were  discovered.  Most  of  them,  however,  have  been  im¬ 
proved  by  a  biological  knowledge  of  the  organisms  concerned  and  an 
application  of  that  knowledge  to  the  process  involved. 

In  the  manufacture  of  most  of  these  products  several  steps  are  in¬ 
volved  :  ( 1 )  the  selecting  of  superior  strains  or  variants  of  organisms 
best  suited  to  bringing  about  the  desired  chemical  change;  (2)  supplying 
these  organisms  with  the  necessary  raw  materials  for  the  formation  of 
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the  product  in  question;  (3)  providing  suitable  environmental  condi¬ 
tions,  which  will  sometimes  include  the  presence  of  other  species; 
(4)  stopping  the  process  at  the  proper  stage  of  chemical  change;  (5)  con¬ 
centrating  and  refining  the  product;  and  (6)  preventing  the  action  of 
undesirable  intruding  microorganisms. 

Most  processes  in  industrial  microbiology  are  highly  technical  and 
involved  from  both  the  practical  and  the  scientific  standpoints.  Some  of 
them  are  secret,  some  are  protected  by  patents.  Though  industrial 
microbiology  is,  for  the  most  part,  beyond  the  scope  of  a  textbook  of 
general  bacteriology,  a  survey  of  the  subject  will  be  given  here. 

Organisms  Used 

For  each  industrial  process  one  or  more  species  have  been  found 
especially  suitable.  Doubtless  others  will  be  added  as  a  result  of  further 
research. 

It  should  be  understood  that  in  the  industrial  processes  considered 
in  this  chapter  the  microorganisms  use  the  raw  materials,  such  as  carbohy¬ 
drates,  as  sources  of  energy  or  as  food  for  body  building  and  the  products 
desired  by  man  are  those  of  no  further  value  to  the  bacteria,  being  left 
as  by-products  or  excretions.1 

Bacteria. — Organisms  of  this  group  that  have  been  found  valuable 
in  industry  far  outnumber  those  of  all  other  groups  combined.  More 
than  forty  species  are  in  use,  representing  a  half  dozen  families.  Most  of 
them  are  in  the  order  Eubacteriales,  but  a  few  are  in  the  Actinomycetales 
and  Chlamydobacteriales.  The  genera  Bacillus ,  Clostridium ,  Lactobacil¬ 
lus ,  and  A cetobacter  are  especially  well  represented. 

Yeasts. — Saccharomyces  ellipsoideus  is  the  species  most  used  in¬ 
dustrially,  and  a  considerable  number  of  strains  have  been  developed ; 
but  S.  cerevisiae  and  other  yeasts  and  Torulae  have  value  in  certain 
processes. 

Filamentous  Fungi. — The  genus  Aspergillus  is  of  the  greatest  value 
in  industry,  a  half  dozen  species  being  employed.  Next  in  importance 
are  the  Penicilliums,  followed  by  the  Mucors.  Species  in  a  few  other 
genera  have  definite  value. 

The  protozoans  seem  not  to  have  found  a  place  in  the  industrial 
field. 

1  Commercial  enzymes  produced  by  microorganisms  are  an  exception  to 
this  rule. 
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Pure  Cultures  Versus  Mixtures  of  Organisms 

It  is  natural  for  beginning  students  in  bacteriology  to  suppose  that 
pure  cultures  are  used  in  industrial  processes  in  all  cases  where  research 
has  determined  what  species  is  the  active  agent.  Actually,  this  is  far 
from  the  truth.  In  the  making  of  immunizing  serums  and  vaccines  pure 
cultures  are  employed  wherever  possible,  but  viruses,  such  as  those  of 
smallpox,  rabies,  and  poliomyelitis,  do  not  grow  on  laboratory  media, 
and  complete  freedom  from  intruding  saprophytes  is  difficult  to  obtain. 
In  most  industrial  processes  there  is  one  essential  predominating  organism 
accompanied  by  several  incidental  ones.  The  reasons  for  the  mixture  are 
chiefly  three.  (1)  Because  of  the  extensive  machinery,  large  vats  and 
containers,  and  large  amounts  of  crude  raw  materials  used,  which,  in 
some  cases,  cannot  be  heated  without  injury,  the  exclusion  of  intruding 
organisms  is  practically  impossible.  (2)  When  the  raw  materials,  such 
as  those  for  making  wines  and  beers,  butter  and  cheese,  are  pasteurized, 
thermophiles  and  spore-forming  bacteria  are  not  all  killed.  (3)  In 
many  processes  the  incidental  intruders  are  actually  beneficial  and  either 
increase  production  or  improve  the  quality  of  the  product.  Their 
presence  is  therefore  encouraged.  Some  of  the  benefits  that  come  from 
the  action  of  more  than  one  species  are  as  follows :  ( 1 )  The  desired 

product  may  be  a  mixture  of  substances,  and  two  or  more  species  may 
be  required  to  make  it.  In  the  making  of  certain  dairy  products,  es¬ 
pecially  butter  and  cheese,  lactic  fermentation  by  Streptococcus  lactis 
and  Lactobacilli  may  be  thought  of  as  the  chief  process,  but  proteolysis 
and  the  development  of  desirable  flavors  require  other  species.  (2)  The 
desired  product  may  be  the  result  of  joint  action  by  two  or  more  species, 
neither  of  which  could  make  it  alone.  Apparently  some  of  the  flavoring 
materials  in  butter  and  cheese  require  the  combined  action  of  two  species. 
(3)  In  a  mixture  of  organisms  there  may  be  two  that  bring  about  the 
same  reactions  and  thus  hasten  the  process.  Both  fungi  and  bacteria 
may  take  part  in  the  destruction  of  cellulose.  (4)  The  intruding  or 
incidental  organisms  may  help  to  create  a  favorable  environment  for 
the  one  that  is  doing  the  desired  work.  Thus,  aerobes  may  make  con¬ 
ditions  more  favorable  for  Clostridia  and  other  anaerobes  by  consuming 
the  free  oxygen  that  diffuses  into  the  fermenting  material  from  the  air. 

The  usual  procedure  for  getting  the  best  results  from  microorganisms 
is  to  insure  suitable  conditions  of  temperature,  aeration,  food,  etc.,  and 
to  add  the  desired  organisms  in  the  form  of  a  culture,  or  some  of  the 
mash  from  a  previous  batch,  to  new  material  that  is  not  sterile.  One 
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may  thus  be  assured  from  previous  experience  that  the  desired  species 
will  dominate  the  process. 

Some  Industrial  Processes 

A  few  representative  examples  will  be  given  here  in  addition  to  those 
discussed  in  other  chapters. 

Citric  Acid  Production. — We  usually  think  of  citric  acid  as  a 
natural  constituent  of  oranges,  grapefruit,  and  especially  lemons,  and 
of  commercial  citric  acid  as  a  by-product  of  the  lemon  industry  in  which 
cull  fruits  are  utilized.  In  a  large  measure  this  is  true,  but  the  supply 
from  this  source  is  inadequate,  especially  since  a  better  qualitv  of  lemons, 
with  fewer  culls,  is  now  being  produced.  It  is  supplemented  with  citric 
acid  made  by  the  action  of  Aspergillus  niger  and  related  fungi  on  glucose 
and  other  carbohydrates.  As  yet  the  process  is  in  its  infancy. 

A  cheap  grade  of  glucose  or  molasses  is  used ;  to  this  are  added  nitrates, 
phosphates,  and  sulfates,  with  calcium  carbonate  to  neutralize  the  acid 
formed  by  changing  it  into  calcium  citrate.  The  growth  of  the  fungi 
may  be  stimulated  by  adding  traces  of  iron  or  zinc. 

The  material  is  inoculated  with  the  fungus,  usually  one  of  the  black 
species  of  Aspergillus  of  a  strain  that  has  developed  an  acid  tolerance 
by  being  grown  in  a  medium  that  has  a  pH  value  of  1.2  to  1.5.  It  is 
kept  under  aerobic  conditions. 

In  experimental  work  50  to  65  per  cent  of  the  glucose  has  been 
changed  to  citric  acid.  The  following  equation  shows  merely  the  be¬ 
ginning  and  the  end  products,  not  the  intermediate  steps,  which  are  im¬ 
perfectly  understood. 

2CeH1206  T  3O2  — >  2C6H807  Y  4H2O 

Glucose  Citric  Acid 

The  citric  acid  is  to  a  large  extent  neutralized  by  the  calcium 
carbonate  according  to  the  following  equation. 

2C6H807  Y  3CaCOs  — »  Ca3  (C6H507 )  2  T  3CO2  Y  3H2O 

The  citric  acid  may  be  liberated  from  the  calcium  citrate  by  the 
action  of  sulfuric  acid. 

Ca3(C6H507)2  Y  3H2SO4  — >  2CgH807  Y  3CaSC>4 

The  production  of  citric  acid  by  the  fermentation  of  sugars  is  given 
here  to  illustrate  a  considerable  group  of  unrelated  processes  which  are 
in  the  transitional  stage  from  the  experimental  to  the  industrial.  In 
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this  case  the  process  has  reached  a  sound  commercial  basis  but  improve¬ 
ments  may  be  expected. 

The  Production  of  Glycerol  (Glycerine) 

Most  of  the  glycerol  of  commerce  is  produced  by  the  breaking  down 
of  fats  in  various  ways  into  fatty  acids,  which  are  used  in  soap  making, 
and  glycerol,  which  is  purified  by  distillation.  In  the  supplemental 
process  described  here,  the  yeast  Saccharomyces  ellipsoideus  is  made  to 
act  on  glucose  in  such  a  way  that  the  principal  product  is  glycerol  and 
the  alcohol  formed  in  small  quantities  is  a  by-product. 

To  do  this,  sodium  sulfite  is  added  to  the  mash  to  be  fermented; 
this  serves  two  purposes.  It  is  antiseptic  to  bacteria  and  thus  prevents 
their  interference  with  the  process,  and  it  helps  to  increase  the  percentage 
of  glycerol  relative  to  that  of  alcohol.  In  this  way  about  25  to  35  per 
cent  of  the  glucose  is  changed  to  glycerol. 

Production  of  Acetone  and  Butyl  Alcohol 

The  demand  for  acetone  as  a  solvent,  and  especially  its  use  in  the 
munitions  industry,  has  made  the  manufacture  of  this  chemical  a  highly 
important  process  both  in  the  United  States  and  abroad.  In  its  produc¬ 
tion  there  is  also  formed  butyl  alcohol,  formerly  classed  as  a  by-product 
of  little  value,  but  now  extensively  used  in  the  manufacture  of  synthetic 
perfumes. 

Organisms. — Several  species  of  Clostridium ,  including  Cl.  butyricum 
(which  has  been  paraded  under  numerous  synonyms)  and  especially 
Cl.  acetobutylicum,  have  the  power,  in  their  fermentation  of  carbohy¬ 
drates,  to  produce  acetone  and  butyl  alcohol. 

Raw  Materials. — The  carbohydrates  thus  fermented  are  numerous 
and  include  dextrose,  lactose,  sucrose,  starch,  xylase,  inulin,  and 
mannitol.  As  a  relatively  cheap  source  of  carbohydrate  for  the  produc¬ 
tion  of  these  chemicals,  corn  meal,  cereal  grains,  rice,  potatoes,  artichokes, 
and  molasses  have  been  used.  Even  wood  has  been  tried. 

Procedure. — The  process  is  carried  on  under  anaerobic  conditions  in 
large,  deep  tanks.  Pure  cultures  of  the  Clostridia  are  used  but  the  mash 
to  which  they  are  added  is,  of  course,  not  entirely  sterile,  although  it  has 
been  pasteurized.  Best  results  are  obtained  by  adding  the  culture  to  a 
batch  of  two  or  three  gallons,  which,  after  a  period  of  incubation,  is 
added  to  a  tank  of  several  hundred  gallons.  This  in  turn  is  transferred 
next  day  to  a  tank  containing  the  final  lot  of  several  thousand  gallons, 
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from  which  the  fermentation  products  are  obtained  ready  for  separation 
and  purification.  By  following  this  method  the  organisms  used  always 
predominate  over  those  originally  in  the  materials  to  be  fermented. 

A  temperature  of  30°  to  47 0  C.,  or  higher,  is  usually  maintained.  One 
method  of  making  the  mash  more  anaerobic  is  to  add  Staphylococcus 
aureus  to  the  top  portion,  cover  the  tank,  and  allow  this  organism  to 
consume  the  oxygen  for  about  twenty-four  hours  before  adding  the 
Clostridium.  The  aerobe  is  soon  killed  by  the  anaerobe  and  so  does  not 
interfere  with  the  process.  Thereafter  the  carbon  dioxide  evolved  by 
the  Clostridium  will  exclude  most  of  the  oxygen.  Best  yields  are  obtained 
by  maintaining  a  hydrogen-ion  concentration  of  about  pH  4.5. 

Products. — A  fair  yield  is  10  parts  of  acetone  and  20  parts  of  butyl 
alcohol  from  IOO  parts  of  the  carbohydrate.  Other  substances  are  also 
formed.  These  include  carbon  dioxide,  hydrogen,  acetic  and  other 
organic  acids,  ethyl  and  other  alcohols,  and  acetyl-methyl-carbinol.  It 
is  sometimes  profitable  to  salvage  some  of  these  products,  including  the 
gases.  The  mash  remaining  after  the  useful  chemicals  are  removed  may 
be  used  for  stock  feed,  if  suitable,  otherwise  for  fertilizer. 


Production  of  Gas  for  Industrial  Use 

Some  authorities  believe  that  natural  gas  was  formed  ages  ago  by 
the  action  of  microorganisms.  Be  that  as  it  may,  much  research  is  in 
process  today  on  the  production  of  combustible  gas  mixtures  from  sewage 
and  from  cheap  materials  containing  cellulose. 

Several  cities — e.g.,  Charlotte,  N.  C.,  and  New  Castle,  Pa. — have 
tried,  with  more  or  less  success,  to  make  use  of  sewer  gas.  This  product 
contains  high  percentages  of  hydrogen  and  methane  and  has  a  fuel  value 
that,  although  variable,  is  often  equivalent  to  that  of  artificial  gas  made 
from  coal. 

Combustible  gas  has  been  made  on  a  fairly  large  scale  by  the  fermen¬ 
tation  of  cellulose  and  hemicellulose  as  found  in  corn  stalks,  banana 
skins  and  stalks,  and  other  plant  refuse.  The  material  is  inoculated  with 
sewage  or  sludge.  The  gases  (CH4,  H2,  and  C02)  are  produced  by 
Clostridia  and  sometimes  other  species.  The  addition  of  lime  neutralizes 
the  acid  formed  and  increases  gas  production. 

Gas  produced  by  fermentation  cannot  compete  with  natural  gas  nor 
with  artificial  gas  where  coal  is  cheap,  but  it  has  real  possibilities  for  cities 
in  less  favored  places. 
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The  Curing  of  Rubber  Latex 

When  latex  is  drawn  from  rubber  trees  it  is  a  liquid  which  must 
be  properly  coagulated  to  make  a  good  quality  of  rubber.  This  coagula¬ 
tion  may  occur  “spontaneously”  through  exposure  to  air  and  the  ac¬ 
cidental  introduction  of  bacteria.  It  is  hastened  by  treatment  with 
smoke  and  moderate  heat  and  by  the  addition  of  chemicals  of  various 
kinds — alcohol,  acetic  acid,  salts  of  the  heavy  metals,  etc.  The  rubber 
thus  separated  from  the  remaining  portion  constitutes  about  thirty  per 
cent  of  the  latex. 

The  action  of  microorganisms  appears  to  be  essential  to  the  coagula¬ 
tion  process.  Bacillus  pandora  is  known  to  be  one  of  the  organisms 
that  aid  in  the  coagulation  of  latex  and  undoubtedly  other  species  of 
Bacillus  take  part. 

Tanning  Leather 

The  tanning  of  leather  is  a  complicated  process.  The  different 
kinds  of  skins  used  and  the  different  purposes  for  which  the  leather  is 
to  be  employed,  all  enter  into  the  picture.  For  some  purposes  the  hair 
is  removed,  for  others  it  must  be  tightly  held.  For  practically  all  pur¬ 
poses  the  hides  must  be  softened  by  the  extraction  of  gelatin  and  elastin. 
For  sole  leather  the  hides  must  be  thickened  and  hardened. 

In  the  making  of  tanning  liquors  various  kinds  of  excrement,  es¬ 
pecially  dog  dung,  have  been  employed,  which  introduced  bacteria  of 
many  kinds.  Such  materials  are  now  replaced  by  species  of  Aspergillus 
and  by  proteolytic  enzymes. 

Although  microorganisms,  when  properly  controlled,  aid  in  the  tan¬ 
ning  of  hides,  they  may  also  do  serious  damage  by  loosening  the  hair 
and  weakening  or  spotting  the  leather. 

The  Curing  of  Tobacco 

In  the  curing  of  tobacco  leaves  both  texture  and  aroma  must  be 
considered.  Most  of  the  changes  take  place  during  the  “sweating” 
process,  which  is  carried  on  at  a  temperature  of  about  50°  C.  It  is  be¬ 
lieved  that  both  the  enzymes  of  the  leaves  and  those  produced  by  bacteria 
and  fungi  play  their  respective  parts.  The  microorganisms  include 
Proteus  vulgaris >  Pseudomonas  fluorescens ,  Lactobacilli,  and  various 
species  of  Bacillus ,  Torula ,  Cladosporium ,  and  Aspergillus.  The  leaves 
are  sometimes  sprayed  with  sugars,  honey,  or  malt  extract,  the  fermenta- 
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tion  of  which,  by  the  production  of  aromatic  esters,  improves  the  flavor. 

The  foregoing  are  but  a  few  of  the  industrial  processes  that  call  for 
the  use  of  microoganisms,  and  the  field  is  enlarging  rapidly. 

Review  Questions 

1.  Name  ten  different  products  of  industrial  microbiology. 

2.  Name  the  three  groups  of  microorganisms  most  used  in  this  held. 

3.  Of  these  three  groups  which  has  the  most  and  which  the  fewest  species 

useful  in  this  field?  Give  three  reasons  why  materials  are  acted 
upon  by  mixtures  rather  than  by  pure  cultures  in  this  field. 

4.  Explain  how  it  is  that  one  species  generally  predominates  in  such  a 

mixture. 

5.  In  the  formation  of  citric  acid  by  fermentation,  ( a )  name  the  raw 

materials  generally  used,  ( b )  name  the  kinds  of  organisms  used. 

6.  Name  the  two  most  important  methods  of  making  glycerol.  For  what 

purposes  is  sodium  sulfite  added  to  the  mash  when  making  glycerol 
from  glucose? 

7.  For  what  purposes  are  acetone  and  butyl  alcohol  most  used? 

8.  As  similar  materials  are  used  for  making  citric  acid  and  acetone,  what 

determines  which  of  these  products  will  be  formed? 

9.  Why  is  the  pure  culture  of  Clostridium  added  to  successively  larger 

quantities  of  the  mash  instead  of  directly  to  the  large  tank?  Explain 
why  Staphylococcus  aureus  is  added  also. 

10.  What  is  the  source  of  rubber  latex?  What  is  its  physical  state  when 

it  comes  from  the  tree?  For  what  purpose  is  it  exposed  to  the  action 
of  microorganisms? 

11.  Why  do  tobacco  leaves  need  “curing”? 
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THE  MECHANISM  OF  INFECTION 

Parasitic  organisms  have  the  ability  to  take  nourishment  from  the 
body  of  a  living  animal  or  plant,  either  its  living  protoplasm  or  its  secre¬ 
tions.  Parasitism  must  be  looked  upon  as  an  evolutionary  process,  as 
discussed  in  Chapter  VIII.  Many  bacterial  species  have  never  evolved 
the  parasitic  habit. 

The  Virulence  of  Pathogenic  Bacteria. — We  use  the  terms  viru¬ 
lence  and  pathogenicity  for  the  ability  of  an  organism  to  produce  disease. 
The  terms  pathogen  and  parasite  are  not  quite  synonymous,  for  some 
pathogens — e.g.,  Clostridium  botulinum — are  saprophytes  but  produce  a 
deadly  toxin,  while  there  are  a  few  parasites  that  do  very  little  harm 
to  the  bodies  of  their  hosts. 

In  some  cases  parasitic  organisms  have  not  lost  their  power  of  grow¬ 
ing  saprophytically,  as  shown  by  their  luxuriant  development  on  artificial 
culture  media,  but  a  few  have  become  strict  parasites.  Examples  of  such 
are  Mycobacterium  leprae ,  the  Rickettsias,  and  the  fungi  that  cause 
rusts,  smuts,  and  powdery  mildews  of  higher  plants. 

Virulence  must  be  looked  upon  as  variable  in  degree.  Some  strains 
of  a  pathogenic  species  cause  severe  forms  of  a  disease,  and  other  strains 
cause  mild  forms.  In  a  given  species  or  strain  the  virulence  may  remain 
fairly  constant — as  in  Malleomyces  mallei the  cause  of  glanders  in  horses, 
man,  and  other  animals — or  it  may  vary  from  time  to  time.  We  know 
that  Eberthella  typhosa  freshly  removed  from  a  patient  has  high  virulence, 
but  that  it  loses  its  virulence  by  continuous  growth  on  artificial  media. 
Pasteur  showed  that  the  virulence  of  Bacillus  anthracis  was  lowered  by 
subjecting  the  organism  to  such  unfavorable  conditions  as  sufficient  heat 
to  nearly  kill  it.  In  some  cases  virulence  is  restored  by  inoculation  into 
a  very  susceptible  animal. 

Virulence  of  Organism  vs.  Susceptibility  of  Host. — As  will  be 

learned  from  the  next  chapter,  susceptibility  of  the  host  to  disease  is  also 
variable  in  degree,  intergrading  from  practically  no  resistance  to  com¬ 
plete  resistance  to  any  specific  disease.  It  is  obvious,  then,  that  under 
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favorable  conditions  disease  will  occur  when  the  virulence  of  the  organism 
is  great  enough  to  overcome  the  degree  of  resistance  possessed  by  the  host. 

Specificity. — After  it  had  been  suspected,  but  not  yet  proved,  that 
some  kinds  of  disease  are  produced  by  bacteria,  the  idea  of  specificity  was 
expressed  by  von  Plenciz  in  1762. 

Complete  specificity  would  mean  that  one  species  of  microorganism 
could  attack  only  one  kind  of  host  and  there  produce  only  one  kind  of 
disease.  Eberthella  typhosa,  causing  typhoid  fever  in  man,  is  a  good 
example.  Actually,  specificity  is  rarely  so  perfect.  Most  pathogens  are 
capable  of  attacking  several  species  of  host  which  may  or  may  not  be 
closely  related.  The  fact  that  monkeys,  rabbits,  guinea  pigs,  and  mice 
may  be  artificially  infected  with  some  human  diseases  is  of  great  value 
in  experimental  medicine. 

Specificity  expresses  itself  in  the  fact  that  no  pathogen  is  known  to 
attack  both  a  plant  and  an  animal,  and  very  few  can  attack  both  a  bird 
and  a  mammal,  or  both  a  warm-blooded  and  a  cold-blooded  animal.  In 
the  study  of  any  infectious  disease  the  determination  of  the  range  of 
susceptible  hosts  is  important. 

Sources  of  Infection 

An  extremely  important  consideration  in  dealing  with  infectious  dis¬ 
eases  is  the  source  from  which  the  germs  were  obtained. 

Sources  Outside  the  Host. — Very  few  species  of  pathogenic  bacteria 
normally  multiply  outside  the  body  of  the  host.  Even  though  they  are 
capable  of  growing  in  specially  prepared  culture  media,  most  of  them 
cannot  do  so  in  water,  soil,  manure,  etc.  If  they  occur  in  such  materials 
it  is  because  they  happened  to  be  cast  there,  and  in  such  places  they  are 
diminishing  in  numbers  rather  than  increasing.  Milk  and  some  kinds 
of  cooked  foods  do,  however,  offer  suitable  media  for  some  of  them. 

Within  the  Body  of  the  Host. — Here  is  the  usual  place  of  repro¬ 
duction  for  most  pathogens.  During  the  early  stages  of  the  disease  they 
increase  enormously  and  are  cast  off  with  one  or  more  of  the  excreta. 
As  the  host  recovers,  the  organisms  usually  become  fewer  and  disappear, 
but  in  a  few  diseases  they  may  continue  to  inhabit  the  body  after  the 
symptoms  have  disappeared.  Persons  and  animals  harboring  such  germs 
are  called  carriers.  They  are  particularly  important  in  diphtheria,  ty¬ 
phoid  fever,  Asiatic  cholera,  scarlet  fever,  cerebrospinal  meningitis,  and 
pneumonia.  As  most  such  individuals  are  not  known  to  be  disease  carriers 
they  are  not  avoided  as  cases  of  the  disease  would  be,  and  hence  they 
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are  especially  dangerous.  It  is  obvious  from  what  has  just  been  said  that 
human  diseases  are  contracted  from  people  more  often  than  from  objects 
or  materials. 

The  Transmission  of  Disease-Producing  Organisms 

Bacteria  do  not  pass  from  the  diseased  to  the  well  by  their  own 
locomotion.  Most  of  those  cast  off  by  a  patient  or  a  carrier  die  without 
reaching  a  susceptible  host,  but  a  small  proportion  are  more  fortunate. 

Contact  Transmission. — For  many  communicable  diseases  this  is 
the  commonest  method  of  transmission,  and  with  some,  such  as  the 
venereal  diseases,  it  is  the  exclusive  method.  It  is  customary  to  distin¬ 
guish  between  direct  contact,  in  which  there  is  actual  touch,  and  indirect 
contact,  in  which  a  person  infects  an  object  which  is  soon  touched  by 
another  person.  In  case  the  infected  object  was  not  touched  by  another 
person  for  some  time — weeks  or  months — the  object  is  called  a  fomes 
and  the  term  fomites  infection  is  used.  This  method  is  of  importance 
only  for  diseases  caused  by  very  resistant  organisms  such  as  Clostridium 
tetani  and  Bacillus  anthracis  (which  are  spore  formers),  Mycobacterium 
tuberculosis,  and  the  virus  of  smallpox. 

Transmission  Through  the  Air. — The  importance  of  this  method  is 
generally  overrated,  but  it  occasionally  takes  place  through  dust  (tuber¬ 
culosis)  and  more  often  through  droplets  from  mouth  or  nose,  as  in 
the  case  of  influenza  and  other  infections  of  the  respiratory  tract,  although 
droplet  transfer  should  be  regarded  as  a  variety  of  contact  transfer. 

Vehicles  of  Infection. — This  term  is  applied  to  water  or  food  that 
has  become  contaminated  and  is  later  swallowed  by  people  or  animals. 
It  is  an  important  mode  of  transmission  of  the  different  species  of 
Eberthella  and  Salmonella  and  is  of  some  importance  in  a  wide  range  of 
diseases. 

Disease  Vectors. — These  are  usually  insects,  ticks,  etc.,  but  may 
also  be  other  kinds  of  animals  that  distribute  disease  organisms.  Vectors 
offer  the  exclusive  method  of  transmission  of  such  important  diseases  as 
malaria,  Rocky  Mountain  spotted  fever,  and  African  sleeping  sickness. 
Biological  vectors  are  those  that  inoculate  the  host  through  a  bite.  In 
most  cases  the  parasite  passes  a  part  of  its  life  cycle  in  the  body  of  the 
vector.  Mechanical  vectors  are  those  in  which  the  parasite  does  not 
pass  a  definite  part  of  its  life  cycle  within  the  body  of  the  vector.  Such 
vectors  may  carry  the  organisms  on  their  feet,  bodies,  or  mouth  parts 
and  may  transfer  them  without  biting.  Often  they  contaminate  food. 
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Portals  of  Infection 

Generally  speaking,  bacteria  do  not  cause  disease  unless  they  are 
introduced  within  the  body  and  become  established  there.  Barriers 
against  their  entrance  are  the  skin  and  mucous  membranes — the  former 
a  well-nigh  perfect  barrier,  the  latter  a  less  effective  one.  Through 
these  protective  coverings  are  certain  openings  which  serve  as  portals 
of  infection.  Most  important  of  the  natural  openings  are  the  mouth 
and  nose,  but  the  eyes  and  the  reproductive  openings  are  significant  also. 
Wounds  furnish  the  only  effective  portals  for  some  diseases,  notably 
tetanus. 

The  introduction  of  organisms  through  one  of  these  portals  does  not 
necessarily  result  in  disease.  Many  kinds  of  pathogens  can  safely  be 
swallowed.  Each  disease  has  its  own  characteristic  portals  of  infection- 
one  or  more. 

Localization  of  Bacteria  within  the  Body 

Comparatively  few  kinds  of  bacteria  invade  all  parts  of  the  body. 
Most  kinds  are  localized  in  certain  organs  or  parts — the  lungs,  the 
central  nervous  system,  the  reproductive  organs,  the  damaged  tissues  of 
wounds,  etc.  Some,  however,  characteristically  invade  the  blood  stream 
and  multiplying  there  cause  a  general  septicemia  or  bacteremia ,  popularly 
known  as  “blood  poisoning.”  Under  these  conditions  they  are,  of  course, 
carried  to  all  parts  of  the  body. 

As  a  rule  very  few  bacteria  enter  the  body  in  the  original  invasion. 
Mass  infection  occurs  when  milk  or  other  food  in  which  the  organisms 
have  multiplied  is  swallowed.  The  enormous  number  found  within  the 
patient  in  most  diseases  is  a  result  of  multiplication  after  their  entrance. 

Elimination  of  Pathogens  from  the  Body 

In  the  instance  of  most  communicable  diseases  the  organisms  spread 
into  one  or  more  of  the  secretions  or  excretions  of  the  body  and  are 
eliminated  with  them,  often  in  enormous  numbers.  The  discharges  from 
mouth  and  nose  carry  the  organisms  of  a  considerable  number  of  diseases ; 
others  are  eliminated  through  the  intestines,  the  kidneys,  and,  rarely, 
the  perspiration. 

Could  all  the  pathogens  be  destroyed  in  these  discharges  the  moment 
they  leave  the  body  of  the  patient  or  carrier,  some  of  these  diseases  would 
quickly  be  eradicated  and  others  reduced  to  comparative  insignificance, 
but  our  sanitation  has  not  yet  reached  that  degree  of  perfection. 
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Effects  of  Pathogenic  Bacteria  on  the  Body 

Just  how  pathogens  injure  the  body  has  been  the  subject  of  much 
observation  and  study.  Contrary  to  some  early  opinions,  the  food  taken 
from  the  host  to  nourish  the  parasite  is  a  minor  factor. 

Toxic  Poisoning — Toxemia. — A  method  of  injury  that  is  common 
to  many  diseases  and  is  easily  understood  in  its  more  general  aspects  is 
the  poisoning  of  the  body  by  toxic  substances  produced  by  the  pathogens. 
Their  formation  and  classification  were  discussed  in  Chapter  IX.  Mild 
toxemia  expresses  itself  in  the  nervous  irritability  of  people  sick  with 
certain  diseases,  but  heavier  absorption  of  toxins,  particularly  exotoxins, 
results  in  death  of  tissues,  paralysis,  pain,  fever,  and,  indeed,  nearly  all 
the  symptoms  of  infectious  diseases,  even  death. 


Fig.  142.  Temperature  curve  of  a  case  of  lobar  pneumonia.  On  the  eleventh 
day,  following  daily  fluctuations,  the  temperature  suddenly  dropped  below  normal, 
marking  the  “crisis.’’  From  Reference  Handbook  of  the  Medical  Sciences.  William 
Wood  and  Co. 

Fever. — Nearly  all  infectious  diseases  are  accompanied  by  a  rise  in 
the  general  body  temperature,  known  as  fever.  The  use  of  the  clinical 
thermometer  in  the  household  to  determine  whether  or  not  to  call  a 
doctor  if  one  does  not  feel  well  is  becoming  fairly  common.  Some  dis¬ 
eases  have  a  characteristic  temperature  curve  for  the  day  and  night  and 
for  the  entire  course  of  the  disease. 

Loss  of  Appetite  (Anorexia). — A  well-known  symptom  of  disease, 
especially  during  a  fever,  is  loss  of  appetite.  In  veterinary  practice  this 
is  often  the  first  symptom  noted  in  an  animal. 


252 


THE  MECHANISM  OF  INFECTION 


Pain. — Physical  discomfort,  pain  of  some  sort,  most  commonly  head¬ 
ache,  accompanies  most  infectious  diseases  but  also  many  other  forms  of 
sickness. 

Inflammation. — This,  as  a  rule,  is  a  localized  condition  and  often 
accompanies  a  wound  infection  but  may  be  found  elsewhere,  as  in  a  boil, 
an  infected  appendix,  or  an  ulcerated  tooth.  The  capillaries  of  the  in¬ 
flamed  region  are  engorged  with  blood  and  distended,  there  is  redness, 
swelling,  and  tenderness,  and  there  may  be  an  accompanying  suppuration 
or  pus  formation,  a  condition  which  is  rather  likely  to  occur  in  late 
stages. 

Necrosis. — Necrosis  refers  to  the  death  of  tissues — sometimes  in  large 
masses,  as  in  gas  gangrene.  The  cells  are  usually  killed  by  the  absorp¬ 
tion  of  an  exotoxin.  This  occurs  not  only  in  human  diseases,  but  it  is 
also  the  commonest  of  all  symptoms  in  plant  diseases,  forming  blights, 
leaf  spots,  and  rots  of  fruits  and  vegetables. 

Hypertrophy. — In  a  few  diseases,  notably  tuberculosis  and  actinomy¬ 
cosis,  the  invading  organism  stimulates  cells  that  had  ceased  to  divide 
to  renew  their  division  and  growth.  As  this  activity  is  localized  the 
result  is  the  formation  of  nodules,  singly  or  often  in  groups.  Such  an 
abnormal  development  is  called  hypertrophy. 

Symptoms  vs.  Disease. — It  is  well  to  keep  in  mind  the  distinction 

between  a  symptom  and  a  disease.  A  symptom,  such  as  those  discussed 

above,  is  a  single  manifestation.  A  disease  is  the  abnormal  condition  of 

the  body  revealed  by  the  group  of  symptoms  brought  about  by  one 

causative  agent.  Headache  is  not  a  disease,  nor  is  fever.  Both  of  these, 

along  with  other  symptoms,  are  found  in  many  different  diseases.  On 

the  other  hand,  typhoid  fever  is  a  disease  characterized  by  headache, 

fever,  necrosis,  and,  in  fact,  most  of  the  conditions  described  above. 

#  | 

Review  Questions 

1.  Are  all  pathogens  parasites?  Give  evidence  supporting  your  answer. 

2.  What  is  meant  by  the  term  “virulence”  as  applied  to  bacteria?  Give  a 

synonym  for  it. 

3.  Give  evidence  that  the  virulence  of  a  pathogenic  species  may  vary  in 

degree.  Show  how  the  virulence  of  an  organism  may  be  lowered: 
( a )  by  injuring  it,  ( b )  without  injuring  it. 

4.  What  is  meant  by  the  expression  “a  disease  is  specific”?  Give  an 

example  ( a )  of  a  disease  that  is  very  specific  and  ( b )  of  one  that  is 
specific. 

5.  Where,  outside  the  laboratory,  do  most  pathogens  multiply? 
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6.  Explain  how  they  get  into  such  places  as  soil,  manure,  water,  and  milk. 

7.  Why  is  a  disease  carrier  often  a  greater  source  of  danger  than  a  case 

of  the  same  disease? 

8.  Define:  (1)  fomites,  (2)  diseasei  vector,  (3)  vehicle  of  infection,  (4) 

portal  of  infection,  (5)  septicemia,  (6)  toxemia. 

9.  How  are  pathogenic  bacteria  eliminated  from  the  body? 

10.  Name  the  three  most  common  symptoms  caused  by  bacterial  invasion 

of  the  body. 

11.  Is  necrosis  more  common  in  animal  diseases  or  plant  diseases?  In 

what  human  disease  is  it  most  extensive? 

12.  State  the  difference  between  a  symptom  and  a  disease. 
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IMMUNITY  AND  SERUM  REACTIONS 

In  Chapter  XXI  the  ways  by  which  pathogenic  bacteria  gain  en¬ 
trance  to  their  host  and  the  effects  which  they  bring  about  were  briefly 
discussed.  It  now  remains  to  be  seen  what  opposition  the  body  of  the 
host  offers  to  such  invasion  and  injury. 

Evidence  of  Disease  Resistance  and  Immunity 

Any  observing  person  can  see  about  him  familiar  evidence  of  im¬ 
munity.  ( i )  Specificity.  A  disease  that  is  prevalent  in  man  does  not 
attack  most  other  animals  when  they  are  exposed  to  it,  not  even  if  they 
are  artificially  inoculated.  There  are,  of  course,  some  exceptions. 
(2)  Immunity  is  often  relative.  One  person  may  have  a  severe  case 
and  another  a  light  one  during  the  same  epidemic.  (3)  Recovery  from 
disease.  The  fact  that  we  recover  indicates  that  during  the  course  of 
a  disease  we  have  developed  an  immunity,  otherwise  we  would  continue 
to  have  it.  (4)  Having  a  disease  but  once.  There  are  a  considerable 
number  of  diseases  that  most  people  have  but  once,  after  which  no  form 
of  exposure  will  give  them  a  second  attack.  Sometimes  this  immunity 
is  lifelong,  sometimes  it  is  of  shorter  duration. 

Barriers  versus  True  Immunity 

To  some  extent  foreign  organisms  are  prevented  from  entering  the 
body  and  reaching  a  place  where  they  can  develop  and  produce  disease 
by  means  of  certain  barriers.  The  protection  afforded  by  these  barriers 
is  sometimes  called  mechanical  resistance.  If,  however,  the  pathogens 
reach  a  vital  place  where  they  might  be  expected  to  develop  but  are 
restrained  in  their  further  action  so  that  the  person  does  not  become 
sick,  or  gets  well  if  he  has  been  sick,  we  have  an  example  of  true 
immunity. 

Barriers  to  Infection. — Parasitic  organisms  cannot  cause  disease 
unless  they  reach  a  part  of  the  interior  of  the  body  where  they  can 
multiply  and  produce  the  secretions  and  excretions  characteristic  of  the 
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species.  The  great  barrier  against  such  invasion  is  the  skin,  which  com¬ 
pletely  covers  the  body  except  for  certain  openings  which  may  become 
portals  of  entry  for  microorganisms.  Although  this  protective  layer  is 
well-nigh  perfect,  the  minutest  abrasion  is  sufficient  to  admit  things  as 
small  as  bacteria.  It  has  been  shown  that  if  Pasteurella  tularensis  is 
applied  to  minute  abrasions  that  scarcely  break  the  surface  of  the  skin 
of  a  guinea  pig,  tularemia  will  follow. 

The  mucous  membrane  which  lines  the  mouth,  nose,  and  other  in¬ 
terior  surfaces  offers  considerable  protection  but  is  more  easily  broken 
than  the  skin.  There  is  little  doubt  that  we  sometimes  swallow  pathogens 
that  pass  harmlessly  over  the  mucous  membranes  of  mouth,  throat,  and 
oesophagus.  If  they  are  kinds  that  cannot  survive  conditions  in  the 
stomach  and  intestinal  tract  we  are  none  the  wiser.  We  escape  the 
disease  even  though  susceptible  to  it.  If,  however,  they  get  caught  in 
some  crevice  or  fold  of  the  throat  or  tonsils  they  may  multiply  there, 
cause  irritation,  and  later  penetrate  the  tissues.  This  is  illustrated  by 
infection  with  Coryneb act erium  diphtheriae . 

True  Immunity. — If  a  person  has  true  immunity  he  does  not  de¬ 
velop  symptoms  of  a  disease  even  though  the  organisms  gain  access  to 
the  most  vulnerable  part  of  his  body.  Immunity  may,  however,  be  a 
relative  matter.  One  may  be  immune  to  a  strain  of  the  pathogen  that 
has  low  virulence  and  susceptible  to  a  strain  of  high  virulence.  He  may 
have  a  light  case  of  the  disease  or  a  severe  one. 

In  true  immunity  the  body  produces  something — in  most  cases  an 
immunizing  chemical — that  is  harmful  to  the  organism  or  destructive 
to  its  products.  This  aspect  of  the  subject  will  be  discussed  in  more 
detail  later  in  this  chapter. 

Kinds  of  Immunity 

It  is  convenient  and,  indeed,  highly  important  to  distinguish  between 
the  different  kinds  of  immunity.  Some  of  the  classifications  of  this  con¬ 
dition  are  unnecessarily  complex  and  confusing.  The  following  simple 
one  is  much  used  and  serves  every  purpose. 

Immunity 

1.  Natural 

(a)  Racial 

( b )  Individual 

2.  Acquired 

( a )  Active 

(b)  Passive 
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Natural  immunity  is  specific.  It  is  the  immunity  common  to  a  species 
or  race,  and  it  is  inherited.  One  has  it  from  the  start — when  he  was 
born  and  even  before.  Because  of  natural  immunity  man  does  not  have 
blackleg  of  cattle,  and  cattle  do  not  have  typhoid  fever.  As  a  rule  all 
individuals  of  a  species  or  race  are  naturally  susceptible  or  naturally 
immune  to  a  given  disease,  but  occasionally  immune  individuals  are 
found  in  a  susceptible  species. 

Acquired  immunity  is  a  condition  that  a  person  or  animal  develops 
during  his  lifetime.  He  may  have  been  susceptible  to  smallpox  when  he 
was  born,  but  he  later  developed  an  acquired  immunity  to  it  by  having 
the  disease  or  by  being  vaccinated.  It  is  important  to  recognize  that 
there  are  two  kinds  of  acquired  immunity — i.e.,  immunity  may  be  ac¬ 
quired  in  two  different  ways,  as  follows : 

In  active  immunity  the  body  of  the  person  develops  its  own  immuniz¬ 
ing  chemicals.  As  a  result  of  a  stimulus  received  from  the  invading 
organisms,  the  living  cells  of  the  body  in  their  metabolism  produce  one 
or  more  chemicals  that  injure  the  pathogens  or  neutralize  their  products. 
We  call  these  substances,  respectively,  antibacterial  substances  and  anti¬ 
toxins.  The  fact  that  the  invaded  body  produces  these  substances 
through  its  own  activity  causes  this  kind  of  acquired  immunity  to  be 
called  active. 

In  passive  immunity  the  body  that  is  immunized  plays  no  active  part. 
It  passively  receives  an  injection  of  antitoxin  or  other  protective  substance 
previously  formed  by  a  person  or  animal  that  had  developed  active  im¬ 
munity.  Some  of  the  antitoxin  of  the  animal  that  produced  it  during 
active  immunization  is  deposited  in  the  serum  of  the  blood,  and  this 
serum,  if  injected  into  a  normal  person  or  animal,  gives  it  passive  im¬ 
munity. 

Methods  of  Conferring  Immunity 

Natural  immunity  is,  in  a  sense,  inherited.  Strictly  speaking,  the 
offspring  inherits  from  its  parents  the  characteristic  of  building  its  body 
in  such  a  way  that  it  naturally  resists  certain  diseases. 

Active  immunity  is  acquired  by  receiving  something  into  the  body  that 
will  produce  the  disease  in  some  form  and  thus  stimulate  the  body  to 
produce  an  immunizing  substance — antitoxin,  for  example.  The  fol¬ 
lowing  things  have  been  shown  to  have  this  effect  when  introduced  into 
the  body. 

( i )  Living ,  f  ully  virulent  bacteria.  Having  the  disease  in  the  usual 
way  illustrates  this  method. 
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(2)  Living  organisms  of  attenuated  virulence.  Organisms  may  be 
attenuated  by  heat,  by  chemicals,  or  by  passage  through  the  body  of  some 
particular  kind  of  animal  and  therefore  produce  the  disease  in  a  mild 
form.  Active  immunization  against  smallpox  may  be  accomplished  in 
this  way. 

(3)  Dead  organisms.  The  dead  bodies  of  some  pathogenic  bacteria, 
when  injected  into  a  susceptible  host,  will  stimulate  that  host  to  produce 
active  immunity.  As  the  organisms  cannot  multiply,  this  is  a  com¬ 
paratively  safe  method.  It  is  used  in  protecting  against  typhoid  fever 
and  a  wide  range  of  other  diseases. 

(4)  Bacterial  products.  Bacterial  toxins  are  very  poisonous  sub¬ 
stances,  but  they  can  be  used  in  either  of  two  ways  to  confer  active 
immunity.  One  way  is  to  inject  a  very  small  dose,  increasing  it  for 
subsequent  injections.  The  other  is  to  treat  the  toxin  first  with  some 
chemical  that  will  make  it  less  poisonous.  The  resulting  product  is 
called  a  toxoid.  The  toxin  of  scarlet  fever  and  the  toxoid  of  diphtheria 
illustrate  this  method. 

The  term  antigen  is  applied  to  any  agent  that  causes  the  body  to 
build  up  an  active  immunity.  It  is  applied  also  to  proteins  which 
stimulate  the  production  of  precipitins  that  are  not  immunizing  agents. 

Passive  immunity  can  be  acquired  in  only  one  way — by  receiving 
into  the  body  antitoxin  or  other  protective  substance  that  has  been  formed 
by  another  person  or  animal  and  deposited  in  its  blood  serum.  In  com¬ 
paratively  few  diseases  can  passive  immunity  be  conferred.  Diphtheria, 
tetanus,  some  types  of  pneumonia,  meningitis,  and  gas  gangrene  are  dis¬ 
eases  in  which  it  is  used  with  success. 

Vaccines  versus  Immunizing  Sera 

There  is  much  confusion  in  the  minds  of  most  people,  even  people 
with  some  technical  training  in  this  field,  between  vaccines  and  serums 
for  conferring  immunity.  The  confusion  appears  to  arise  partly  from 
the  fact  that  both  are,  or  may  be,  injected  hypodermically  with  a  small 
syringe,  and  the  patient  does  not  know  specifically  just  what  is  injected. 

Vaccines. — The  term  vaccine,  like  many  others,  has  both  a  broad 
and  a  restricted  meaning.  In  the  broad  use  of  the  term  it  is  any  bio¬ 
logical  material  injected  into  the  body  to  stimulate  the  development  of 
active  immunity — living  or  dead  bacteria,  toxins,  etc.,  as  discussed  earlier 
in  this  chapter.  In  a  more  restricted  sense,  a  vaccine  is  material  con¬ 
taining  the  living  organisms  or  virus  of  a  disease,  attenuated  to  make  it 
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safer.  Smallpox  vaccine  is  the  commonest  example.  Those  who  use 
the  term  in  this  way  generally  call  dead  bacteria  used  for  the  same  pur¬ 
pose  bacterins.  In  this  book  the  term  vaccine  will  be  used  in  the  broader 
sense. 

Immunizing  the  body  by  vaccination  is  generally  done  for  prevention 
rather  than  cure.  The  vaccine  is  administered  in  advance  of  exposure  so 
as  to  give  the  body  time  to  set  up  active  immunity  before  invasion  by  the 
organisms  occurs.  An  exception  is  found  in  the  use  of  autogenous  vac¬ 
cines.  These  are  prepared  by  making  cultures  of  the  organisms  from  the 
disease  lesions  of  the  patient,  killing  them,  and  then  injecting  them  back 
into  the  same  person.  They  are  used  for  such  localized  conditions  as 
boils,  in  which  the  bacteria  are  so  located  that  they  do  not  stimulate  an 
active  immunity.  Such  an  immunity  is,  however,  set  up  when  they  are 
injected  in  large  numbers  under  the  skin. 

Immunizing  Sera. — As  the  term  implies,  an  immunizing  serum  is 
the  actual  blood  serum  of  a  person  or  animal  and  contains  an  immunizing 
material,  which  is  an  antitoxin.1  It  may  be  obtained  by  drawing  blood 
from  a  person  just  recovering  from  a  disease  such  as  measles,  or  by  in¬ 
jecting  the  toxin  into  an  animal  (usually  a  horse)  and,  after  active  im¬ 
munity  has  become  established,  withdrawing  some  of  its  blood.  The 
corpuscles  are  removed  from  the  serum,  which  is  then  standardized  as 
to  strength  of  antitoxin  and  put  in  sterile  tubes  or  bottles.  It  is  not 
practicable,  on  a  commercial  scale,  to  obtain  chemically  pure  antitoxin 
free  from  serum,  although  it  is  the  usual  practice  to  concentrate  it  some¬ 
what  by  the  removal  of  inert  materials. 

Antitoxic  sera  are  used  mostly  for  cure  rather  than  prevention.  They 
may  be  given  for  prevention  after  exposure  has  taken  place,  but  their 
immunizing  effects  are  of  too  short  duration  to  give  benefit  if  adminis¬ 
tered  much  in  advance  of  the  disease.  There  is  evidence  that  in  active 
immunity  the  antitoxin  or  other  immunizing  material  is  slowly  being 
used  up  or  eliminated  and  is  constantly  renewed ;  but  in  passive  immunity 
there  is  no  renewal  by  the  body,  which  soon  becomes  susceptible  again. 

As  a  curative  agent  the  action  of  the  antitoxins  is  very  rapid  unless 
the  damage  by  the  toxin  has  been  done  already,  i.e.,  unless  the  toxin  has 
already  united  with  the  tissue  of  the  nervous  system  or  other  vital  organs. 
Antitoxin  will  not  kill  the  bacteria  which  produced  the  toxin  and  caused 
the  disease. 

1  This  statement  applies  to  most  immunizing  sera,  those  for  diseases 
caused  by  organisms  that  produce  exotoxins.  The  immunizing  agents  of  a 
few  sera,  notably  that  of  pneumonia,  are  not  so  well  understood. 
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Fig.  143.  Horses  kept  in  sanitary  quarters  and  supplying  blood  for  use  in 
preparing  antitoxic  serum.  Photograph  furnished  by  Parke  Davis  Co. 

The  Mechanism  of  Immunity 

The  ways  by  which  the  body  protects  itself  from  disease  when 
pathogens  have  been  introduced,  or  recovers  and  rids  itself  of  pathogens 
that  have  ravaged  it,  have  been  the  subject  of  much  study. 

It  is  now  generally  agreed  that  more  than  one  mechanism  operates 
in  immunity.  In  some  diseases  at  least  two  things  have  to  be  done  to 
protect  the  body.  ( 1 )  The  toxins  that  have  been  released  in  the  body 
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must  be  neutralized  or  they  will  do  harm  independently  of  the  organisms 
that  produced  them.  (2)  The  organisms  themselves  must  be  destroyed 
or  eliminated.  These  two  things  require  different  agents.  Antibacterial 
substances  do  not  destroy  toxins  and  antitoxins  do  not  destroy  bacteria. 

Phagocytes.— Well-known  agents  for  the  destruction  of  bacteria 
are  the  phagocytes,  which  include  white  blood  corpuscles.  Behaving  like 
amoebae,  which  they  somewhat  resemble,  these  cells  engulf  and  destroy 
bacteria  that  get  into  the  blood  stream.  When  the  bacteria  are  not  too 
numerous  or  multiplying  too  rapidly,  the  phagocytes  may  thus  prevent 
disease  without  our  knowledge. 

Opsonins. — It  has  been  found  that  there  are  substances  in  the  blood 
that  make  it  possible  for  the  phagocytes  to  engulf  bacteria  more  rapidly 
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Fig.  144.  Phagocytes  containing  foreign  cells,  a  and  b,  Bacillus  anthracis ; 
c,  Streptococci;  d,  Epithelioma  contagiosum.  From  L5hnis  and  Fred’s  Agricul¬ 
tural  Bacteriology.  McGraw-Hill  Book  Co.,  Inc. 

than  they  can  without  them.  These  substances  are  called  opsonins.  They 
are  specific,  the  opsonin  of  one  disease  having  no  effect  on  the  bacteria  of 
a  different  disease.  If  serum  containing  opsonin  is  added  to  a  bacterial 
culture,  the  organisms  are  not  killed  or  visibly  injured  by  it.  They  are, 
however,  so  affected  that  if  leucocytes  are  then  added,  the  bacteria  are 
attracted  to  them  and  made  more  susceptible  to  ingestion.  It  is  possible 
that  the  opsonins  bring  about  other  changes  in  the  bacterial  cells.  Ex¬ 
periments  have  shown  that  in  some  diseases  the  amount  of  opsonin — i.e., 
the  opsonic  index — is  raised  as  the  patient  develops  immunity  and  re¬ 
covers. 

Bacterial  Lysins. — The  blood  and  some  other  body  fluids  of  normal 
persons  have  some  power  of  disintegrating  or  dissolving  bacteria.  This  is 
called  bacteriolysis  and  is  one  illustration  of  the  more  general  phenome¬ 
non  of  cytolysis,  or  dissolution  of  foreign  cells,  such  as  red  and  white 
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blood  corpuscles  from  other  animals.  In  those  who  have  developed  an 
immunity  to  a  disease,  bacteriolysis  is  much  stronger  for  the  bacteria  of 
that  disease  than  in  a  normal  person. 

This  phenomenon  has  been  the  subject  of  extensive  researches  which 
have  shown  that  there  are  two  substances  in  the  blood  that  work  jointly 
in  the  destruction  of  bacterial  cells.  One  is  a  regular  constituent  of  the 
normal  blood  of  man  and  other  vertebrates  and  is  known  as  complement 
or  alexin.  It  is  non-specific,  one  kind  aiding  in  the  destruction  of  all 
kinds  of  bacteria.  It  is  thermolabile ,  being  destroyed  by  heat  at  56°  C. 
for  thirty  minutes.  It  does  not  increase  in  the  blood  as  the  body  be¬ 
comes  immune  to  disease. 

The  other  immunizing  substance  that  takes  part  in  bacteriolysis  is 
called  amboceptor  or  sensitizer.  It  is  specific,  each  kind  of  bacteria 
having  its  own  kind  of  amboceptor.  The  amboceptors  are  thermostable 
at  56°  C.  for  thirty  minutes.  The  normal  body  has  little  or  no  ambocep¬ 
tor  but  produces  it  as  immunity  develops  during  the  course  of  a  disease 
or  following  successful  vaccination. 

Antitoxins. — Rather  early  in  the  study  of  medical  bacteriology  it 
was  found  that  some  kinds  of  bacteria,  notably  Corynebacterium  diph- 
theriae  and  Clostridium  tetani,  produce  deadly  toxins,  and  that  the  blood 
serum  of  convalescents  from  the  diseases  produced  by  these  organisms 
contains  a  specific  antitoxin  that  renders  the  toxin  harmless.  Just  what 
the  antitoxin  does  to  the  toxin  has  been  the  subject  of  some  debate,  but 
it  is  now  generally  conceded  that  the  union  between  the  two  is  physical 
rather  than  chemical.  Certainly  the  toxin  is  not  irretrievably  destroyed, 
for  it  can  to  some  extent  be  separated  from  a  mixture  of  toxin  and  anti¬ 
toxin  in  which  the  two  are  combined.  The  antitoxins  are  specific  for 
their  respective  exotoxins. 

Bodily  Vigor  vs.  Immunity. — One  of  the  most  common  miscon¬ 
ceptions  concerning  immunity  is  that,  as  a  rule,  a  high  state  of  bodily 
vigor  makes  one  resistant  to  disease,  and  a  run-down  condition  makes 
one  susceptible  to  disease.  The  idea  seems  highly  plausible  and  contains 
a  grain  of  truth ;  but  for  most  communicable  diseases  it  is  greatly  over¬ 
rated  and  misleading.  The  facts  are  these:  (1)  No  perfection  of 
physical  condition  will  protect  one  against  most  infectious  diseases.  Peo¬ 
ple  in  perfect  health  readily  contract  smallpox,  measles,  or  typhoid  fever 
if  properly  exposed.  (2)  People  in  a  badly  run  down  condition  will  not 
take  these  diseases  if  they  have  active  immunity  against  them.  (3)  A 
person  in  poor  physical  condition  is  not  so  likely  to  recover  from  pro¬ 
longed  and  severe  illness  as  one  who  is  more  vigorous.  (4)  Two  infec- 
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tious  diseases,  pneumonia  and  tuberculosis,  carry  out  the  popular  idea 
in  that  people  in  perfect  health  do  not  take  them  so  readily  as  those  who 
are  undernourished  or  otherwise  run  down  or  weakened,  as  by  some 
previous  disease.  (5)  Many  non-infectious  diseases — for  example,  rickets 
and  scurvy — are  direct  results  of  malnutrition  and  other  debilitating 
conditions. 

Explanations  of  Immunity 

While  the  agents  of  immunity  discussed  above  are  fairly  well  under¬ 
stood  in  their  role  of  protecting  the  body  from  disease,  the  method  of 
their  formation  has  been  highly  perplexing  and  the  subject  of  a  number 
of  theories,  none  of  which  is  wholly  satisfying  or  accepted  in  its  entirety. 

Metchnikoff’s  Phagocyte  Theory. — Following  a  number  of  un¬ 
tenable  theories  offered  in  explanation  of  the  mechanism  of  immunity, 
the  Russian  bacteriologist,  Elie  Metchnikoff,  conducted  experiments 
which  led  him  to  the  conclusion  that  bacteria  introduced  into  the  blood 
in  limited  numbers  are  ingested  and  destroyed  by  certain  white  corpuscles, 
the  phagocytes,  aided  by  the  blood  serum.  (This  mechanism  of  the  action 
of  phagocytes  and  opsonins  was  explained  on  page  260.)  Metchnikoff’s 
explanation,  amplified  by  later  workers,  is  generally  accepted,  but  there 
are  also  other  ways  by  which  the  body  becomes  immunized. 

Ehrlich’s  Receptor  Theory. — Near  the  close  of  the  last  century  the 
ingenious  German  scientist,  Paul  Ehrlich,  proposed  a  theory  to  explain 
the  formation  of  antitoxins,  amboceptors,  etc.  This  theory  was  based  on 
experimental  data  and  represented  his  interpretation  of  the  facts.  The 
following  is  a  statement  of  his  theory  in  its  simplest  form,  as  applied  to 
the  production  of  antitoxins.  Ehrlich  conceived  the  idea  that  in  all 
normal  living  cells  chemicals  exist  which  have  an  affinity  for  the  foods 
that  nourish  the  cells  and  act  as  absorptive  agents.  These  substances  he 
called  receptors.  Their  function  in  the  normal  body  is  to  aid  in  nutrition, 
and  the  body  cells  contain  them  in  small  quantities  only.  If,  however,  a 
little  toxin  is  brought  to  the  cells,  these  receptors  that  are  the  antitoxins 
take  it  up  with  disastrous  results.  The  receptors  are  destroyed,  and  the 
cells  and  the  body  suffer  from  disease.  If,  however,  the  cells  survive, 
they  regenerate  the  destroyed  receptors,  and  through  the  tendency  to 
overcompensation  they  produce  such  an  excess  of  receptor  material  that 
a  part  is  released  into  the  blood  stream  as  free  receptors ,  which  neutralize 
the  toxins  before  they  reach  the  cells  and  thereby  help  to  immunize  the 
body.  This  was  Ehrlich’s  explanation  of  the  formation  of  antitoxins, 
which  he  designated  as  first  order  receptors.  He  offered  similar  explana- 
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Fig.  145.  Diagrams  illustrating  Ehrlich’s  Receptor  Theory. 
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tions  for  the  formation  of  second  order  receptors,  the  agglutinins  or  pre- 
cipitins,  and  the  third  order  receptors,  or  amboceptors. 

The  action  of  the  antitoxins  has  already  been  explained. 

If  an  agglutinin,  with  a  little  sodium  chloride,  is  mixed  with  a  labora¬ 
tory  culture  of  an  organism  of  the  kind  that  stimulated  its  formation,  the 
combination  will  cause  the  cells  to  clump  together,  or  agglutinate,  al¬ 
though  it  will  not  kill  them.  This  agglutination  reaction  is  used  in  the 
diagnosis  of  typhoid  fever  and  several  other  diseases.  If  the  blood  serum 
of  the  patient  will  cause  a  laboratory  culture  of  Eberthella  typhosa  to 
agglutinate  under  proper  conditions  of  testing,  it  indicates  that  the 
patient  has  formed  typhoid  agglutinin.  In  the  presence  of  suggestive 


Fig.  146.  Widal  agglutination  test  for  typhoid  fever.  Two  microscopic  fields 
of  laboratory  culture  of  Eberthella  typhosa.  Left,  without  serum;  right,  with 
serum  from  a  typhoid  patient. 


symptoms  the  disease  may  thus  be  diagnosed  as  typhoid  fever.  An  inter¬ 
esting  fact  is  that  the  cells  of  a  killed  culture  will  be  agglutinated  as 
readily  as  those  of  a  living  culture.  This  shows  that  the  clumping  is  not 
brought  about  by  locomotion.  The  precipitins,  which  are  similar  to,  or 
identical  with,  agglutinins,  have  a  similar  effect  on  antigenic  proteins 
that  are  not  organized  into  cells  and  will  cause  these  proteins  to  take 
the  form  of  a  fine  precipitate. 

The  amboceptors  are  capable  of  causing  the  antigen  that  stimulated 
their  formation  to  unite  with  complement,  thus  “fixing”  it.  This  is  the 
basis  of  the  elaborate  “complement  fixation,”  or  “Wasserman,”  test  for 
syphilis. 
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As  briefly  explained  on  page  257,  the  term  antigen  is  a  general  one 
for  the  agent,  usually  a  protein,  that  stimulates  the  body  to  produce 
substances  some  of  which  are  immunizing  agents  and  some  of  which  are 
not,  but  all  of  which  react  in  some  way  with  the  antigen. 

Correspondingly,  the  term 
antibodies  includes  any  and  all 
of  the  substances  produced  by 
the  body  as  a  consequence  of 
the  introduction  of  the  corre¬ 
sponding  antigen  and  capable 
of  reacting  with  that  antigen. 

The  best  known  of  these  sub- 

tinins,  precipitins,  opsonins, 
and  amboceptors.  It  is  doubt¬ 
ful  if  agglutinins  and  precipi¬ 
tins  play  a  direct  part  in  pro¬ 
tecting  the  body  against  dis¬ 
ease. 

The  term  antibody  has  quite  generally  replaced  Ehrlich’s  term,  re¬ 
ceptor.  As  this,  however,  is  a  general  term  for  antitoxins,  agglutinins, 
precipitins,  and  amboceptors  of  all  kinds,  one  should,  where  possible,  be 
specific  and  state  the  kind  of  antibody,  as  diphtheria  antitoxin,  typhoid 
agglutinin  or  syphilis  amboceptor. 

Hypersensitivity 

The  bodies  of  human  beings  and  other  mammals  are  generally  tol¬ 
erant  to  the  introduction  of  many  foreign  substances,  including  most 
proteins;  but  under  certain  conditions  they  may  become  extremely  sensi¬ 
tive  to  minute  doses  taken  through  the  stomach,  through  the  respiratory 
tract,  or  through  wounds — as  by  hypodermic  injection.  The  body  is 
then  said  to  be  hypersensitive  to  these  specific  substances. 

Two  kinds  of  hypersensitivity,  anaphylaxis  and  allergy ,  are  com¬ 
monly  recognized,  but  they  have  much  in  common,  and  some  authorities 
consider  anaphylaxis  as  one  manifestation  of  allergy. 

Anaphylaxis. — This  type  of  hypersensitivity  is  brought  about  by 
introducing  into  the  body  a  foreign  protein  of  a  kind  generally  regarded 
as  harmless.  A  very  small  dose  is  sufficient.  No  unfavorable  symptoms 
are  felt,  but  in  about  ten  days  the  body  has  become  so  highly  sensitive 


stances  are  antitoxins,  agglu 


Fig.  147.  Agglutination  test  for  con¬ 
tagious  abortion  of  cattle,  made  without  the 
use  of  a  microscope.  The  “antigen”  used 
as  an  indicator  is  Brucella  abortus,  killed, 
and  stained  with  crystal  violet.  Left,  with¬ 
out  serum ;  right,  with  serum  from  a  posi¬ 
tive  case.  A  few  drops  of  the  mixture  are 
spread  on  a  glass  plate  and  viewed  with  the 
unaided  eye. 
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to  this  protein  that  another  minute  dose  of  it  will  bring  about  anaphylac¬ 
tic  shock .  In  the  guinea  pig,  which  is  particularly  responsive,  this  ana¬ 
phylactic  shock  takes  place  within  a  few  minutes  following  the  second 
injection.  It  manifests  itself  in  disturbed  respiration — sneezing  followed 
by  a  spasm  in  which  the  animal  gasps  for  breath  and  usually  dies  of 
suffocation  in  a  short  time.  The  symptoms  are  the  same  in  each  kind 
of  animal,  regardless  of  the  protein  used,  but  vary  in  different  species  of 
animals.  In  the  guinea  pig  the  shock  is  due  to  a  persistent  contraction 
of  the  involuntary  muscles  of  the  bronchioles  of  the  lungs ;  in  rabbits 
there  is  a  dilation  of  the  right  side  of  the  heart;  in  man  these  disturbances 
of  the  action  of  the  involuntary  muscles  are  less  pronounced,  and  usually 
there  is  only  a  rash  on  the  skin. 

An  important  manifestation  of  anaphylaxis  is  serum  sickness.  As  a 
result  of  receiving  an  immunizing  serum  the  body  may  become  sensi¬ 
tized  to  some  protein  that  is  part  of  the  serum — not  the  antitoxin.  A 
later  injection  of  serum  from  the  same  kind  of  animal — e.g.,  horse — will 
then  cause  serum  sickness.  This  may  take  the  form  of  anaphylactic  shock 
but  more  often  is  very  different  and  much  milder.  After  about  ten  days 
the  patient  experiences  a  rise  in  temperature,  pains  similar  to  mild 
arthritis,  and  an  extensive  rash  of  the  skin,  that  itches  and  causes  much 
discomfort.  The  term  serum  sickness  is  often  restricted  to  these  later 
manifestations. 

It  is  generally  held  that  the  tuberculin  test  for  the  presence  of  tuber¬ 
culosis  is  an  anaphylactic  reaction.  The  proteins  from  Mycobacterium 
tuberculosis ,  released  within  the  body  of  the  patient,  bring  about  a  sen¬ 
sitization,  so  that  if  tuberculin  containing  this  same  protein  is  later  in¬ 
jected  there  will  be  a  positive  reaction,  indicating  that  the  person  either 
has  the  disease  or  has  had  it  and  recovered,  leaving  the  body  sensitized. 

Allergy. — This  term  is  sometimes  used  to  include  all  kinds  of  hyper¬ 
sensitivity  but  is  often  restricted  to  those  forms  in  which  the  body  is 
abnormally  sensitive  to  natural  substances  such  as  pollen,  feathers,  hair, 
dandruff,  insect  bites,  bee  stings,  and  various  kinds  of  food  such  as  milk, 
eggs,  meats,  and  vegetable  proteins.  Some  confusion  exists  between 
ordinary  allergy,  in  which  the  person  was  not  hypersensitive  until  he 
had  received  the  initial  dose  of  the  foreign  substance,  and  atopy ,  in  which 
the  person  was  sensitive  from  the  start.  In  some  cases  classed  as  atopy 
it  is  possible  that  the  condition  came  about  through  a  sensitizing  dose 
that  was  not  realized  at  the  time  it  was  received. 

One  of  the  striking  things  about  the  allergies  is  the  difference  in  the 
reactions  of  individuals.  Toward  the  same  substance  some  persons  may 
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be  atopic,  others  may  become  sensitized  by  injection,  and  still  others  may 
be  immune  under  all  conditions. 

Allergy  is  a  phenomenon  of  tremendous  significance  to  the  human 
race,  since  it  results  in  such  distressing  maladies  as  hay  fever,  asthma, 
and  many  kinds  of  rashes. 


Sensitization  and  Desensitization 

Sensitization  to  foreign  proteins  can  result  from  injections  of  proteins 
as  described  earlier  in  this  chapter.  It  has  been  repeatedly  noted,  how¬ 
ever,  that  following  anaphylactic  shock,  the  animal,  if  he  survives,  is 
immune  to  further  injections  of  the  same  kind.  He  has  become  desensi¬ 
tized.  The  same  results  can  sometimes  be  obtained  intentionally  by 
injecting  small  doses  at  close  intervals.  If  instead  of  waiting  ten  days 
or  more  after  the  first  dose  before  the  second  is  given,  minute  doses  are 
administered  on  the  second,  third,  and  fourth  days,  and  so  on,  or  even 
more  frequently,  the  person  or  animal  may  never  become  hypersensitive 
but  will  become  more  resistant  instead. 

After  one  has  been  shown  to  be  allergic  to  a  foreign  substance,  such 
as  pollen,  he  can  sometimes  be  desensitized  by  repeated  minute  injec¬ 
tions  of  an  extract  of  the  offending  substance;  but,  unfortunately,  this 
procedure  fails  in  many  cases  or  the  desensitization  lasts  for  only  a 
short  time. 


Review  Questions 

1.  What  is  the  distinction  between  the  resistance  to  disease  brought  about 

by  barriers  to  infection  and  true  immunity? 

2.  What  common  observations  illustrate  immunity  to  disease?  Give  a 

classification  of  kinds  of  immunity,  using  names  and  definitions. 

3.  Give  all  the  ways  in  which  active  immunity  may  be  conferred.  How 

can  passive  immunity  be  conferred? 

4.  How  is  an  immunizing  serum  made? 

5.  Which  is  usually  of  longer  duration,  active  or  passive  immunity? 

6.  Define:  (1)  antitoxin,  (2)  antigen,  (3)  antibody,  (4)  attenuation,  (5) 

phagocyte,  (6)  bacterin,  (7)  autogenous  vaccine. 

7.  What  is  meant  by  “mechanism”  of  immunity?  Give  Metchnikoff’s 

explanation  of  one  kind  of  mechanism  of  immunity.  State  Ehrlich’s 
receptor  theory  as  applied  to  antitoxins. 

8.  Give  a  synonymous  term  commonly  used  for  each  of  the  following: 

Ehrlich’s  first  order  receptors,  second  order  receptors,  and  third 
order  receptors. 
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9.  What  use  is  made  in  the  laboratory  of  ( a )  agglutinins,  (b)  ambo¬ 
ceptor  ? 

10.  Does  an  antitoxin  destroy  the  bacteria  that  produced  the  corresponding 

toxins  ? 

11.  What  is  meant  by  hypersensitivity? 

12.  What  is  the  distinction  between  anaphylaxis  and  anaphylactic  shock? 

13.  Explain  the  tuberculin  reaction  on  the  basis  of  hypersensitivity. 

14.  Name  ten  different  materials  that  are  known  to  cause  allergic  reactions. 

What  form  of  allergy  is  the  most  common?  What  distinction  is 
made  between  allergy  and  atopy? 

15.  How  may  the  body  sometimes  be  desensitized? 


CHAPTER  XXIII 


PATHOGENIC  BACTERIA 

The  tendency  of  the  Schizomycetes  to  depart  from  their  primitive 
independent  or  saprophytic  habits  and  adopt  a  parasitic  mode  of  life  has 
been  greater  than  that  shown  by  any  other  group  of  living  things  with 
the  exception  of  a  few  orders  of  fungi. 

Many  Parasites  and  Many  Hosts 

It  would  be  impossible  to  say  how  many  bacterial  species,  or  what 
proportion  of  this  class,  are  parasitic.  This  is  partly  because  the  two 
groups  intergrade,  many  species  being  capable  of  living  either  a  parasitic 
or  a  saprophytic  life.  There  is  the  further  difficulty  that  in  all  likeli¬ 
hood  hundreds  of  species,  possibly  thousands,  are  yet  to  be  discovered, 
described,  and  named.  Of  these  unknown  species,  evidence  leads  us  to 
believe  that  many  inhabit  the  bodies  of  insects. 

We  know  for  a  certainty:  (i)  that  hundreds  of  known  species  can 
live  parasitic  lives;  (2)  that  when  they  live  as  parasites  many  species 
are  pathogenic,  causing  disease  in  their  hosts;  (3)  that  the  parasitic 
species  are  widely  scattered  throughout  the  bacterial  world,  at  least  four 
of  the  seven  orders  containing  them;  (4)  that  most  large  groups  of  ani¬ 
mals  and  of  plants  contain  hosts  for  bacterial  parasites  and  are  the  vic¬ 
tims  of  bacterial  disease. 

A  full  discussion  of  all  pathogenic  bacteria  and  their  effects  on  their 
hosts  would  be  far  beyond  the  scope  of  an  elementary  textbook,  and  the 
discussion  will  here  be  limited  to  certain  general  aspects  and  a  few  specific 
applications  to  the  human  race. 

Antigenic  Properties  of  Bacteria 

Most  of  the  known  antigens  that  stimulate  the  production  of  anti¬ 
bodies  when  injected  into  the  bodies  of  animals  are  proteins.  Bacterial 
cells  also  contain  proteins  that  are  antigenic  and  are  capable  of  stimu¬ 
lating  the  formation  of  antibodies,  including  antitoxins  and  antibacterial 
substances.  As  a  result,  specific  immunity  in  some  form  is  brought  about 
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Fig.  148.  Twelve  species  of  pathogenic  bacteria. 
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by  most  bacterial  diseases  of  man.  This  is  in  striking  contrast  with 
fungus  diseases  of  man,  most  of  which  are  chronic,  with  little  tendency 
for  spontaneous  recovery  through  acquired  immunity,  and  for  which  vac¬ 
cines  are  not  effective.  There  can  be  no  doubt  that  fungi  contain  some 
antigenic  proteins,  but  in  the  disease  lesions  the  mycelium  does  not  release 
them  either  during  its  life  or  by  dying,  or  else  they  are  of  kinds  that  do 
not  result  in  immunization. 

In  bacterial  diseases  of  plants  there  is  likewise  little  or  no  manifes¬ 
tation  of  acquired  immunity;  for  plants  cannot,  in  their  metabolism,  pro¬ 
duce  the  necessary  antibodies. 

Important  Families  of  Pathogens 

In  rating  the  relative  importance  of  bacterial  families  from  a  medical 
standpoint  three  factors  must  be  taken  into  consideration :  ( 1 )  the  num¬ 
ber  of  pathogenic  species  in  each  family;  (2)  the  number  of  cases  of 
human  diseases  caused  by  each;  and  (3)  the  relative  importance  of  the 
different  diseases.  In  comparing  the  importance  of  the  many  specific 
diseases  several  factors  must  be  weighed  :  ( 1 )  Causes  of  death  per  100,000 
population;  here  pneumonia  and  tuberculosis  rate  high.  (2)  Case  fre¬ 
quency  ( morbidity ),  which  gives  the  common  cold  its  importance.  (3) 
Mortality,  or  percentage  fatality,  of  the  cases,  which  is  especially  high 
in  rabies,  tetanus,  and  leprosy.  (4)  After  effects,  such  as  those  of  infan¬ 
tile  paralysis,  which  are  often  more  dreaded  than  the  disease  itself. 

If  we  were  to  select  from  all  the  bacterial  families  the  half  dozen 
that  are  most  important  from  a  medical  standpoint,  there  probably  would 
be  some  differences  of  opinion,  but  the  following  would  be  given  a  place 
by  most  authorities.  These  families  and  their  relationships  are  shown  on 
page  272,  with  examples  of  important  pathogens  included  in  them. 

A  brief  study  of  five  bacterial  diseases  will  serve  to  illustrate  most  of 
the  principles  of  infection,  bodily  response,  and  control.  The  diseases 
selected  for  study  here  are:  (1)  diphtheria,  (2)  lobar  pneumonia,  (3) 
tuberculosis,  (4)  typhoid  fever,  and  (5)  tetanus.  It  will  be  noted  in 
comparing  these  five  diseases  that  though  they  all  have  some  things  in 
common  there  are  striking  differences,  and  each  has  its  own  distinctive 
features. 

Diphtheria 

Diphtheria  is  a  disease  in  which  the  organisms  get  into  limited  areas 
of  the  mucous  membrane,  usually  of  the  throat  and  nose,  and  penetrate 
only  a  few  cell  layers  deep.  The  infection  is  thus  strictly  localized.  The 
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ORDER 

FAMILY 

EXAMPLE 

DISEASE 

Eubacteriales 

U 

Neisseriaceae 

<< 

Neisseria  gonorrheae 

intracellularis 

Gonorrhea 
Epidemic  menin¬ 
gitis 

Eubacteriales 
<<  ♦ 

Parvobacteriaceae 

<< 

Pasteurella  pestis 

tularensis 

Bubonic  plague 
Tularaemia 

Eubacteriales 

a 

Lactobacteriaceae 

a 

Streptococcus  pyogenes 
Diplococcus  pneumoniae 

Scarlet  fever 
Lobar  pneumonia 

Eubacteriales 

a 

Enterobacteriaceae 

<< 

Eberthella  typhosa 

Shigella  dysenteriae 

Typhoid  fever 
Bacillary  dysen¬ 
tery 

Actinomycetales 

<< 

Mycobacteriaceae 

<< 

Mycobacterium  tuberculosis 
Corynebacterium  diphtheriae 

Tuberculosis 

Diphtheria 

Spirochaetales 

ti 

Spirochaetaceae 

<< 

Treponema  pallidum 
Borrelia  novyi 

Syphilis 

American  relaps¬ 
ing  fever 

disease  is  caused  by  the  deadly  exotoxin  produced  by  these  bacteria  and 
absorbed  by  the  tissues  of  the  body. 

A  few  decades  ago  diphtheria  was  of  very  frequent  occurrence  and 
was  one  of  the  most  dreaded  diseases  of  children,  but  through  immuniza¬ 
tion  it  has  been  so  reduced  in  morbidity  and  mortality  that  deaths  in  the 
United  States  now  number  only  about  2.4  for  every  hundred  thousand 
of  population. 

Etiology.1 — Diphtheria  is  caused  by  Corynebacterium  diphtheriae , 
a  slender,  non-motile,  non-spore-forming,  gram-positive  rod.  The  cells 
sometimes  become  club-shaped  or  branched.  When  stained  with  methyl¬ 
ene  blue  they  generally  show  from  one  to  three  dark  blue  granules  or 
bands  separated  by  light  blue  spaces.  These  morphological  characters 
aid  in  diagnosing  the  disease,  for  other  organisms,  particularly  Strepto¬ 
cocci,  cause  similar  lesions  in  the  throat. 

Sources  and  Modes  of  Infection. — Corynebacterium  diphtheriae 
rarely  finds  a  place  suitable  for  its  multiplication  outside  the  body  of  a 

1  This  term  is  used  to  designate  the  cause  of  a  disease.  It  may  be  a 
pathogenic  organism,  a  filterable  virus,  or  a  non-infectious  agent  such  as  a 
lead  or  arsenic  compound,  or  the  lack  of  some  necessary  food  material  such 
as  a  vitamin. 
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human  being.  It  is  given  off  by  cases  and  carriers  through  mouth  and 
nose,  and  practically  all  new  cases  start  by  accidental  transference  of 
infectious  material  from  these  sources  into  the  respiratory  passages  of 
other  children.  Most  adults  are  immune  through  having  had  the  disease, 
perhaps  in  unrecognized  form.  If  the  bacteria  are  swallowed  so  that  they 
pass  the  throat  and  oesophagus  into  the  stomach  they  are  safely  disposed 
of,  but  if  they  gain  lodgment  in  a  depression,  fold,  or  abrasion  of  the 
mucous  membrane  of  nose  or  throat  they  may  start  another  case  of  the 
disease. 

Symptoms  and  Pathology.1— In  diphtheria  there  is  an  incubation 
period  of  two  to  five  days  followed  by  a  sore  throat,  headache,  fever,  and 
prostration  brought  about  by  the  absorp¬ 
tion  of  the  toxin.  The  infected  tissues 
are  inflamed  and  swollen,  sometimes  to 
such  an  extent  that  the  respiratory 
passages  are  closed  and  asphyxiation  fol¬ 
lows.  The  bacteria  are  mostly  crowded 
between  the  cells  of  the  mucous  mem¬ 
branes  and  underlying  tissues,  which  are 
killed,  forming  whitish  necrosed  patches 
that  in  later  stages  slough  off.  Death 
may  result  from  damage  done  to  the 
heart  by  the  toxin. 

Immunization. — During  the  course 
of  the  disease  the  toxin  acts  as  an  an¬ 
tigen  and  stimulates  the  production  of  a 
corresponding  antitoxin  by  the  body  of 
the  patient.  If  this  forms  promptly 
enough  and  neutralizes  the  toxin  before 
too  much  damage  is  done,  the  patient 
recovers  and  possesses  active  immunity 
which  may  last  for  years. 

Passive  immunity,  brought  about  by 
the  administration  of  antitoxic  serum 
from  a  horse  that  has  been  actively  im¬ 
munized,  has  done  much  to  reduce  the 
mortality  of  the  disease.  Antitoxin  is 
generally  given  as  a  curative  measure,  but  if  used  during  the  incubation 

1  The  term  pathology  is  used  to  designate  an  abnormal  histological  condi¬ 
tion  such  as  inflammation,  necrosis,  or  hypertrophy. 


Fig.  149.  Diphtheritic  mem¬ 
brane  removed  from  the  trachea 
and  bronchi  of  a  fatal  case  of 
diphtheria.  After  Tull,  from 
Frobisher’s  Fundamentals  of  Bac¬ 
teriology.  W.  B.  Saunders  Co. 
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period  it  will  usually  prevent  the  disease  entirely.  It  is  of  the  greatest 
importance  to  give  the  serum  as  early  as  possible,  for  the  results  are 
well-nigh  perfect  if  it  is  given  when  the  symptoms  first  appear,  but  it 
is  much  less  beneficial  after  two  or  three  days,  when  the  toxin  has  already 
caused  serious  injury. 

Toxin-antitoxin  treatment  was  for  years  used  as  a  preventive  of 
diphtheria.  The  two  ingredients  were  mixed  in  such  a  proportion  that 
there  was  an  excess  of  the  antitoxin.  This  gave,  at  first,  a  passive  im¬ 
munity,  but  as  the  antitoxin  was  consumed  the  toxin  was  gradually  re¬ 
leased,  stimulating  the  production  of  antitoxin  and  consequent  active 
immunity. 

The  toxin-antitoxin  treatment  doubtless  saved  thousands  of  lives,  but 
it  has  been  replaced  by  treatment  with  toxoid ,  which  is  a  detoxified  toxin 
prepared  by  treating  toxin  with  formaldehyde.  While  toxoid  is  prac¬ 
tically  without  toxicity  to  the  body,  it  is  antigenic  and  stimulates  the 
production  of  antitoxin  in  the  body,  thus  conferring  active  immunity. 
This  is  the  form  of  vaccination  now  extensively  used  to  prevent  diph¬ 
theria,  with  the  result  that  its  prevalence  is  only  a  small  fraction  of  what 
it  used  to  be.  It  can  be  said  that  immunization  has  reached  greater  per¬ 
fection  in  diphtheria  than  in  any  other  disease,  with  the  possible  exception 
of  smallpox. 

The  Schick  Test. — It  is  highly  desirable  to  have  a  method  for  deter¬ 
mining  which  individuals  are  susceptible  to  diphtheria  and  which  are 
immune,  for  there  is  no  point  in  giving  toxoid  to  those  who  have  active 
immunity.  Fortunately  we  have  such  a  method  in  the  Schick  test.  If  a 
tiny  dose  of  diphtheria  toxin  is  injected  into  the  skin  of  the  arm  of  a 
susceptible  person,  a  red  spot  about  an  inch  in  diameter  will  develop  in 
from  twenty-four  to  thirty-six  hours,  because  the  skin  and  blood  of  the 
susceptible  person  do  not  contain  enough  antitoxin  to  neutralize  it.  Such 
a  person  should  be  immunized  with  toxoid.  If,  however,  no  such  red 
area  develops  following  the  injection  of  toxin,  it  indicates  that  there  is 
enough  antitoxin  in  the  person’s  skin  to  neutralize  the  toxin,  and  because 
of  this  active  immunity  he  will  not  require  toxoid. 

Control. — In  the  control  of  diphtheria,  as  in  many  other  diseases, 
the  emphasis  is  placed  on  prevention.  This  is  accomplished  in  two  ways, 
by  prevention  of  infection  and  by  immunization.  In  the  prevention  of 
infection  something  has  been  accomplished  through  the  banishing  of 
public  drinking  cups  and  towels  and  through  teaching  children  the  fun¬ 
damentals  of  sanitation;  but  immunization  has  accomplished  even  more. 
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Lobar  Pneumonia 

There  are  various  kinds  of  pneumonia,  brought  about  by  different 
bacterial  organisms  and  characterized  by  an  inflammation  of  the  lungs, 
difficulty  in  breathing,  cough,  fever,  and  prostration.  Lobar  pneumonia 
is  one  of  the  most  important  of  all  human  diseases.  It  attacks  people  of 
all  ages  and  causes  more  deaths  than  any  other  communicable  disease — 
about  53  per  hundred  thousand  in  the  United  States. 

Etiology. — Lobar  pneumonia  is  caused  by  Diplococcus  pneumoniae , 
commonly  called  “the  pneumococcus.”  This  is  an  oval,  gram-positive, 
non-motile  organism  that  often  occurs  in  pairs.  In  the  body  of  the 
patient  it  forms  a  definite  capsule. 

Predisposing  factors  are  far  more  important  in  pneumonia  than  in 
most  other  diseases.  The  normal  body  in  perfect  health  has  much  natural 
resistance  to  it.  This  resistance  is  broken  down  by  starvation,  exposure, 
fatigue,  and  by  certain  kinds  of  previous  disease,  especially  measles  and 
influenza,  that  damage  the  delicate  membranes  lining  the  tiny  air  passages 
of  the  lungs. 

Sources  and  Modes  of  Infection. — Diplococcus  pneumoniae  is  very 
exacting  in  its  temperature  and  food  requirements.  It  practically  never 
multiplies  outside  the  body  of  a  human  being  or  other  warm-blooded  ani¬ 
mal,  except  in  the  laboratory  on  a  medium  containing  blood  or  blood 
serum.  However,  most  cases  of  pneumonia  are  not  contracted  directly 
from  a  pneumonia  patient.  The  source  of  infection  is  usually  unknown. 
Healthy  carriers  are  known  to  be  common,  and  there  is  evidence  for  be¬ 
lieving  that  the  spread  of  the  organisms  is  from  carriers  to  non-carriers, 
who  thus  also  become  carriers.  When  one  develops  the  disease,  in  many 
instances  it  is  from  organisms  that  one  already  had  as  a  carrier.  That 
people  have  caught  pneumonia  from  attending  cases  of  the  disease  is  well 
established,  but  generally  there  is  no  such  history  of  exposure  to  an 
active  case. 

Types  of  Diplococcus  Pneumoniae. — As  a  result  of  much  research 
it  has  been  found  that  not  all  strains  of  Dip.  pneumoniae  are  alike; 
that  there  are,  in  fact,  more  than  thirty  “types”  of  the  organism.  This 
is  extremely  important,  for  in  the  use  of  serums  for  curative  purposes 
the  type  of  serum  must  correspond  to  the  type  of  organism  causing  the 
pneumonia. 

The  method  of  typing  the  pneumococcus  now  generally  used  is  to 
obtain  some  of  the  bacteria  from  the  sputum  of  the  patient  and  mix 
them  with  different  types  of  antipneumococcic  sera  obtained  from  a  bio- 
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logical  supply  house.  The  serum  corresponding  to  the  type  of  the  or¬ 
ganism — e.g.,  type  II- — will  cause  the  capsule  to  swell  greatly,  while 

sera  of  the  other  types  will 
cause  little  or  no  swelling  of 
the  capsules. 

Symptoms  and  Path- 
ology.— The  disease  often  has 
a  sudden  onset  with  rapidly 
rising  temperature,  pain  in  the 
lungs,  and  cough.  A  brick- 
red  sputum,  so  colored  by  a 
slight  tinge  of  blood,  is  com¬ 
mon.  The  organisms  invade 
the  lungs,  where,  by  attacking 
the  lining  membranes,  they 
cause  a  congestion  followed 
by  an  inflammation  of  one  or 
more  entire  lobes.  Sometimes 
the  air  passages  become  filled 
with  a  fluid  to  such  an  extent 
that  asphyxiation  results.  In 
fatal  cases  the  lungs  may  be 
so  solidified  that  practically 
all  air  is  excluded,  and  on  post 
mortem  examination  the  solid¬ 
ified  portion  will  sink  in 
water. 

Immunization. — There  is 
considerable  natural  immu¬ 
nity  to  pneumonia,  or  at  least 
some  mechanical  resistance, 
but  the  active  immunity  that 
results  in  recovery  from  the 
disease  is  of  short  duration. 
If  a  vaccination  method  should 
be  devised  it  could  not  be  ex¬ 
pected  to  give  life-long  im¬ 
munity  but  might  nevertheless  have  considerable  value. 

Passive  immunity  through  serum  treatment  is  of  great  benefit  in 


Fig.  150.  Typing  of  Diplococcus  pneu¬ 
moniae  by  the  Neufield  method.  Top,  nor¬ 
mal  capsules;  bottom,  capsules  swollen  by 
serum  corresponding  to  the  type  tested  for. 
From  Lord  and  Heffron’s  Pneumonia  and 
Serum  Therapy.  The  Commonwealth  Fund. 
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some  types  of  the  disease  but  not  in  all.  It  cannot  be  claimed  that  in 
any  type  the  results  are  as  good  as  those  obtained  for  diphtheria  with 
the  antidiphtheretic  serum.  Unfortunately,  serum  treatment  has  but 
little  value  for  type  III,  which  is  one  of  the  most  deadly. 

Control. — Lobar  pneumonia  is  not  a  well  controlled  disease;  if  it 
were,  it  would  not  top  the  list  of  communicable  diseases  as  a  cause  of 
death.  Some  progress  is  being  made,  however.  When  the  onset  is 
gradual  and  follows  exposure,  fatigue,  or  predisposing  disease,  absolute 
rest  in  bed  for  several  days  will  do  much  to  tide  the  patient  over  the  dan¬ 
gerous  period.  Use  of  antipneumococcic  serum  has  considerable  curative 
value  for  some  types  of  the  disease,  especially  type  I,  but  also  II,  VII, 
and  others.  Recently,  experimental  work  in  the  use  of  sulfapyridine  as 
a  curative  agent  has  been  encouraging. 

Tuberculosis 

Until  recently  tuberculosis  has  been  one  of  the  most  baffling  of  all 
human  diseases.  As  a  cause  of  death  in  the  United  States  it  even  sur¬ 
passed  pneumonia.  The  organisms  attack  nearly  all  organs  of  the  body, 
even  the  bones,  but  the  lungs  are  the  commonest  seat  of  the  disease. 

Etiology. — Mycobacterium  tuberculosis  is  the  cause  of  tuberculosis 
in  man  and  other  mammals.  A  similar  disease  in  birds  is  caused  by 
Myco.  avium ,  and  Myco.  piscium  attacks  cold-blooded  animals — fishes, 
turtles,  alligators,  frogs,  etc.  The  organisms  in  this  genus  are  slender, 
non-motile,  acid-fast  rods.  They  are  non-spore-forming  but  are  very 
resistant  to  drying. 

There  are  a  number  of  predisposing  factors,  among  which  are  under¬ 
nourishment  and  employment  in  certain  occupations,  such  as  grinding 
with  carborundum  stones,  granite  cutting,  and  sheet  metal  work. 

Sources  and  Modes  of  Infection. — Mycobacterium  tuberculosis , 
like  most  human  pathogens,  does  not  multiply  outside  the  body  of  the 
host,  not  even  in  milk  to  any  great  extent.  It  is,  however,  more  resistant 
to  unfavorable  conditions  than  most  of  them.  Probably  most  cases  are 
contracted  by  direct  or  indirect  contact  with  tuberculous  people.  Car¬ 
riers  are  not  significant  in  this  disease.  It  has  a  tendency  to  run  in  fam¬ 
ilies,  a  fact  that  used  to  be  explained  by  theories  of  inheritance  of  the 
disease  and  inheritance  of  a  predisposition  to  the  disease,  both  of  which 
have  been  abandoned.  A  tuberculous  person  may  give  off  the  organisms 
with  the  sputum  for  years,  and  the  likelihood  of  infeGting  others  during 
that  time  by  droplets  or  by  contact  is  great.  Probably  the  disease  is 
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sometimes  acquired  through  dust  and  through  infected  milk  that  has  not 
been  pasteurized. 

The  mouth  and  nose  are  the  usual  portals  of  infection.  There  is 
reason  to  believe  that  the  majority  of  people  who  pass  the  age  of  fifty 
have  at  some  time  become  infected,  the  results  often  being  small  lesions 
in  the  lungs  that  heal  without  having  been  suspected. 

The  Tuberculin  Test. — In  an  effort  to  find  an  immunizing  material 
for  tuberculosis,  Robert  Koch  used  old  cultures  of  the  organism  grown 
in  glycerin  bouillon  and  killed  by  heat.  This  “tuberculin,”  as  he  called 
it,  proved  worthless  as  an  immunizing  agent  but  of  great  value  in  diag¬ 
nosing  the  disease,  both  in  cattle  and  in  man. 

There  are  various  ways  of  applying  the  tuberculin  test.  As  used  on 
cattle  in  Koch’s  time,  it  was  injected  hypodermically  and  caused  a  rise 
of  temperature  in  positive  cases,  as  they  had  been  sensitized  to  it  by  the 
organisms  living  within  the  body.  This  method  proved  dangerous  for 
use  in  human  cases  and  has  been  replaced  even  in  cattle  by  an  intradermal 
injection  which  causes  a  swelling  in  the  skin. 

For  human  beings  the  Mantoux  test  is  now  extensively  used.  A  little 
highly  refined  tuberculin  is  injected  into  the  skin,  preferably  of  the  arm, 
and  if  the  body  has  been  sensitized,  indicating  infection,  a  reddened  area 
will  develop  about  the  point  of  injection,  usually  within  twenty- four 
hours.  The  test  cannot,  however,  be  depended  upon  to  determine 
whether  the  disease  is  active,  or  whether  the  person  had  it  at  some  time 
in  the  past  and  has  recovered  but  remained  sensitized.  This  distinction 
can  be  made  by  the  use  of  the  stethoscope,  and  with  greater  certainty  by 
X-ray  examination. 

The  Mantoux  test  followed  by  X-ray  studies  shows  that  a  very  large 
number  of  people  become  infected  with  tuberculosis  and  recover  without 
having  suffered  much  damage. 

Symptoms  and  Pathology. — Tuberculosis  has  a  slow  onset  and 
generally  runs  a  chronic  course  of  several  years.  In  children,  however, 
some  cases  run  a  rapid  and  fatal  course.  There  is  a  moderate  rise  in 
temperature,  and,  as  the  disease  progresses,  lack  of  endurance  becomes 
a  prominent  symptom.  No  toxin  has  been  demonstrated  for  the  or¬ 
ganism,  although  a  slow  chronic  poisoning  is  evident.  This,  with  func¬ 
tional  disturbance  of  the  organs  brought  about  by  the  presence  of  the 
nodules,  may  lead  to  death. 

Soon  after  the  organisms  gain  lodgment  in  an  organ  they  stimulate 
hypertrophy,  which  causes  the  formation  of  nodules,  often  in  groups. 
The  bacteria  live,  for  the  most  part,  inside  these  nodules.  In  later  stages 
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a  tough  layer  forms  around  each  nodule,  and  there  may  be  a  deposit  of 
calcium  carbonate.  There  is  a  very  poor  food  supply  to  the  cells  in  the 
interior  of  the  nodules,  and  they  often  undergo  necrosis.  If  these  nodules 
occur  in  the  lungs,  their  substance,  with  included  bacteria,  may  be  ex¬ 
pelled  by  coughing.  Under  other  conditions  a  “walling  in”  of  the 
nodules  may  bring  the  disease  to  a  dormant,  or  arrested,  condition. 


Fig.  151.  Tuberculous  nodules  in  lungs.  Left,  section  through  tip  of  lung;  right, 
surface  view.  Photographs  by  Dr.  Howard  Welch. 


Immunization. — The  body  shows  some  natural  immunity  to  tuber¬ 
culosis,  but  only  a  little  active  immunity  develops  during  the  disease  and 
this  is  of  short  duration.  There  is  no  passive  immunity. 

Control. — Tuberculosis  has  been  the  subject  of  a  vast  amount  of 
study  during  the  last  half  century,  and  considerable  progress  has  been 
made  in  its  control.  As  a  result  the  death  rate  from  this  disease  among 
the  more  enlightened  white  people  of  America  has  fallen  greatly.  The 
results  of  extensive  efforts  at  immunization  have  been  discouraging,  but 
better  diet  and  hygienic  living  do  much  to  maintain  natural  immunity. 

Prevention  of  infection  has  taken  two  forms.  In  this  country  most 
cows  are  given  the  tuberculin  test  and  condemned  if  they  show  a  positive 
reaction.  This  precaution,  supplemented  by  pasteurization,  gives  assur- 
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ance  that  milk  is  no  longer  an  important  source  of  infection.  Better 
knowledge  and  practice  of  sanitation  among  both  tuberculous  and  healthy 
people  has  greatly  reduced  contact  infection. 

A  few  years  ago  tuberculosis  was  classed  as  an  incurable  disease. 
Probably  there  have  always  been  some  recoveries,  but  curative  measures 
have  made  much  progress.  These  consist  in  supplying  better  nourish¬ 
ment,  complete  rest,  and  sometimes  surgery  and  other  measures. 

Typhoid  Fever 

We  have  here  a  disease  that  is  restricted  to  mankind,  no  other  species 
being  subject  to  it.  Some  people  have  the  idea  that  it  is  a  strictly  intes¬ 
tinal  disease,  but  this  is  far  from  correct,  for  the  organisms  get  into  the 
blood  stream  and  are  carried  to  all  parts  of  the  body.  Typhoid  fever 
reached  the  height  of  its  prevalence  in  the  United  States  some  thirty 
years  ago,  when  it  was  one  of  the  most  important  of  the  communicable 
diseases,  but  medical  science  has  brought  it  so  far  under  control  that  it 
now  causes  only  about  2.4  deaths  per  hundred  thousand  population. 

Etiology. — Typhoid  fever  is  caused  by  Eberthella  typliosa ,  a  non¬ 
spore-forming,  gram-negative  rod  with  peritrichic  flagella.  It  grows 
freely  on  most  of  the  common  laboratory  media. 

Sources  and  Modes  of  Infection. — Eberthella  typhosa ,  like  other 
pathogens,  multiplies  extensively  in  the  body  of  the  patient  and  also  in 
carriers,  who  are  rather  common.  These  constitute  the  ultimate  sources 
of  infection,  and  the  disease  is  sometimes  spread  from  person  to  person 
by  contact.  The  immediate  source  of  infection,  however,  is  usually 
water  or  food,  occasionally  milk  contaminated  with  excreta  from  a  patient 
or  carrier.  The  organism  does  not  multiply  in  water,  but  it  does  in  milk 
and  cooked  foods,  which,  therefore,  give  a  tremendously  heavy  infection. 
The  mouth  is  the  only  portal  of  infection. 

Symptoms  and  Pathology. — The  incubation  period  of  typhoid 
fever  may  be  as  short  as  three  or  four  days  following  a  heavy  food  in¬ 
fection  but  one  to  two  weeks  or  more  following  a  light  infection  from 
water.  The  commonest  symptoms  are  intestinal  disturbance,  headache, 
and  high  fever,  with  loss  of  consciousness  and  delirium  in  severe  cases. 

The  organisms  are  not  destroyed  in  the  stomach,  but  pass  to  the  intes¬ 
tinal  tract  and  multiply  there.  Some  pass  through  the  walls  of  the 
intestines  and  enter  the  blood  stream,  which  carries  them  to  all  parts  of 
the  body.  In  the  spleen,  kidneys,  and  other  organs  they  cause  intense 
inflammation.  Sometimes  they  cause  ulceration  of  the  intestinal  walls 
with  extensive  necrosis  and  even  dangerous  perforations. 
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In  the  carrier  state  the  gall-bladder  is  often  chronically  infected,  but 
chronic  intestinal  and  kidney  infections  occur  also. 

Immunization. — Active  immunity,  which  commonly  lasts  two  years 
or  longer,  is  developed  during  the  course  of  the  disease.  The  toxin  is  an 
endotoxin  and  no  antitoxin  is  formed  that  can  be  transferred  to  another 
person  to  confer  passive  immunity. 

The  abundant  production  of  agglutinin  makes  possible  a  diagnosis 
by  the  agglutination  test,  which  for  this  disease  is  called  the  Widal  test. 
(See  page  264.) 

Control. — Control  measures  for  typhoid  fever  have  reached  a  high 
state  of  perfection.  Water  sanitation,  as  described  in  Chapter  XIV,  and 
milk  and  food  sanitation,  have  made  large  epidemics  of  typhoid  fever 
rare  in  this  country.  The  infection  of  foods  by  carriers  is  still  a  menace. 

A  great  deal  is  accomplished  by  vaccination  with  dead  organisms  or 
bacterins.  The  armies  of  all  nations  are  protected  in  this  way  and  vac¬ 
cination  is  extensively  and  successfully  used  among  civilian  populations. 

Tetanus 

Tetanus  is  a  disease  that  follows  wounds  of  certain  kinds:  deep 
wounds  caused  by  explosives  in  wars,  similar  wounds  caused  by  explo¬ 
sives  in  peaceful  celebrations,  and  umbilical  infections  of  both  human 
beings  and  colts,  especially  in  the  subtropics.  Sporadic  cases  appear 
under  a  wide  range  of  circumstances.  Were  it  not  for  control  measures 
used  in  modern  wars,  tetanus  could  become  a  major  cause  of  death. 

Etiology. — It  has  long  been  known  that  tetanus  is  caused  by  the 
strictly  anaerobic  spore  former,  Clostridium  tetani.  In  the  intestinal 
tract  of  the  horse  this  organism  lives  as  a  long,  slender,  motile  rod. 
The  spore  forms  at  one  end,  swelling  out  the  end  like  a  drumstick.  In 
the  soil  where  the  Clostridia  are  cast  with  the  stable  manure,  the  vege¬ 
tative  cells  cannot  multiply  because  of  unsuitable  conditions  and  prob¬ 
ably  do  not  live  long,  but  the  spores  persist  for  years. 

Clostridium  tetani  grows  fairly  well  on  several  kinds  of  laboratory 
media  under  anaerobic  conditions. 

Sources  and  Modes  of  Infection. — The  only  common  sources  of 
infection  in  tetanus  are  manure  or  manured  soil  and  the  materials  of 
which  explosives  are  made.  The  only  common  portal  of  infection  is  a 
deep  wound  where  the  organisms  are  left  under  anaerobic  conditions. 
There  can  be  little  doubt  that  most  of  us  have  swallowed  CL  tetani 
into  the  stomach  and  breathed  it  into  the  respiratory  tract  without 
harmful  results.  Strange  as  it  may  seem,  the  washed  spores  of  the  or- 
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ganism  do  not  readily  start  tetanus  in  experimental  animals.  If,  how¬ 
ever,  other  things,  such  as  organic  materials  or  saprophytic  bacteria,  are 
mixed  with  the  washed  spores,  they  germinate  and  cause  the  disease. 

Symptoms  and  Pathology. — The  pathology  of  tetanus  is  com¬ 
paratively  simple.  A  pus  pocket  forms  in  the  depths  of  the  wound 
and  here  the  bacteria  remain  and  multiply.  They  produce  a  powerful 
exotoxin  which  is  absorbed  slowly,  giving  a  long  and  variable  incubation 
period  for  the  disease. 

When  the  toxin  reaches  the  central  nervous  system  the  symptoms 
start.  These  consist  of  muscular  contractions  of  great  violence.  Be¬ 
cause  they  often  start  with  the  muscles  of  the  jaws  and  neck  the  term 
“lockjaw”  has  been  applied,  but  they  spasmodically  involve  all  muscles 
of  the  body  and  are  accompanied  by  the  most  intense  pain. 

Unless  cases  are  treated  early  they  are  nearly  always  fatal. 

Immunization. — The  discovery  of  antitoxin  for  tetanus  was  almost 
simultaneous  with  that  of  diphtheria  antitoxin,  and  when  administered 
during  the  incubation  period  it  has  been  nearly  as  successful.  Active 
immunization  is  not,  however,  so  far  perfected,  although  a  toxoid  has 
been  developed  that  will  probably  become  of  great  importance  for  sol¬ 
diers  in  times  of  war. 

Control. — Where  medical  care  is  used  few  people  die  of  tetanus. 
The  number  per  hundred  thousand  for  the  United  States  is  about  0.9. 

Disinfection  of  wounds  in  order  to  kill  the  tetanus  germ  has  been 
quite  disappointing.  The  spores  are  hard  to  kill,  and,  what  is  more, 
they  are  often  in  such  narrow  wounds  through  the  flesh  that  they  are 
hard  to  reach  with  a  disinfectant. 

The  campaign  a  generation  ago  for  a  “safe  and  sane  Fourth”  in  the 
United  States  reduced  the  incidence  of  tetanus  among  children  very 
greatly. 

In  wars  all  enlightened  army  medical  corps  now  give  antitetanic 
serum  without  waiting  for  symptoms  to  develop,  and  as  a  result  they 
have  almost  no  tetanus.  The  use  of  tetanus  toxoid  to  confer  active 
immunity  well  in  advance  of  action  in  battle  has  a  promising  outlook. 


Review  Questions 

1.  Which  order  of  the  Schizomycetes  has  the  largest  proportion  of 

parasites  to  saprophytes?  In  the  Eubacteriales  are  there  more 
species  of  parasites  or  of  saprophytes? 

2.  Give  evidence  that  most  species  classed  as  parasites  can  also  lead  a 

saprophytic  life. 


REVIEW  QUESTIONS 


283 


3.  Give  the  difference  in  meaning  between  the  terms  parasite  and  patho¬ 

gen. 

4.  State  five  considerations  that  should  be  kept  in  mind  when  rating  the 

relative  importance  of  diseases. 

5.  Name  five  families  that  are  especially  important  in  medical  bacteriology. 

6.  Define:  (1)  etiology,  (2)  morbidity,  (3)  pathology. 

7.  In  diphtheria  what  parts  of  the  body  are  invaded  by  the  organisms? 

What  causes  most  of  the  damage  and  the  death  in  diphtheria? 

8.  Describe  and  explain  the  Shick  test. 

9.  Name  three  kinds  of  immunization  used  in  diphtheria  and  state  which 

gives  active  and  which  passive  immunity. 

10.  In  pneumonia  what  parts  of  the  body  are  invaded  by  the  organisms? 

Give  the  predisposing  factors  for  lobar  pneumonia. 

11.  If  a  person  was  well  isolated,  as  in  a  good  hospital,  and  developed 

pneumonia,  what  was  the  probable  source  of  infection? 

12.  How  can  the  different  types  of  Diplococcus  pneumoniae  be  distin¬ 

guished?  Of  what  importance  is  it  to  know  the  type  in  a  case  of 
pneumonia? 

13.  Describe  the  pathology  of  a  typical  case  of  pneumonia.  Discuss  the 

value  of  serum  treatment  for  pneumonia. 

14.  People  who  recover  from  lobar  pneumonia  appear  to  be  susceptible  to 

another  attack  after  a  brief  interval  of  time.  What  bearing  has  this 
fact  on  the  likelihood  that  medical  science  will  be  able  to  produce  a 
vaccine  that  will  confer  a  lasting  immunity? 

15.  Give  the  name  of  a  chemical  that  has  a  strong  curative  effect  on  cases 

of  lobar  pneumonia. 

16.  In  tuberculosis  what  parts  of  the  body  are  invaded  by  the  organism? 

17.  On  the  basis  of  host,  how  many  varieties  of  Mycobacterium  tuberculosis 

are  recognized? 

18.  H  ow  does  Myco.  tuberculosis  differ  in  staining  reactions  from  most 

bacteria  ? 

19.  Give  the  commonest  source  of  infection  for  tuberculosis.  Why  is 

tuberculosis  more  often  dust-borne  than  are  most  diseases?  Give 
two  reasons. 

20.  Give  the  predisposing  factors  for  tuberculosis.  Describe  the  pathology 

of  pulmonary  tuberculosis. 

21.  Describe  and  explain  the  Mantoux  test.  Why  does  it  fail  to  distinguish 

between  an  active  case  of  the  disease  and  one  who  has  recovered? 

22.  Give  the  evidence  that  shows  that  the  majority  of  people  who  have 

passed  middle  life  have  been  infected  with  tuberculosis  and  recovered. 
Is  natural  immunity  or  acquired  immunity  more  important  in  tuber¬ 
culosis?  Evidence? 
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23.  What  measures  have  done  most  for  the  control  of  tuberculosis  in  the 

United  States? 

24.  In  typhoid  fever  what  parts  of  the  body  are  invaded  by  the  organisms? 

Describe  the  pathology  of  typhoid  fever. 

25.  Name  the  two  ways  that  have  been  most  effective  in  reducing  the  death 

rate  from  typhoid  fever. 

26.  In  tetanus,  what  parts  of  the  body  are  invaded  by  the  organisms? 

Describe  the  symptoms  of  tetanus. 

27.  What  is  the  chief  cause  of  injury  and  death  in  tetanus? 

28.  Why  is  the  incubation  period  in  tetanus  so  long?  Where  is  the  chief 

place  of  multiplication  for  Cl.  tetanC 

29.  Name  the  kinds  of  immunization  that  can  be  used  successfully  for 

tetanus. 

30.  Comparing  the  five  diseases  discussed  in  this  chapter,  state:  (1)  Which 

has  the  highest  and  which  the  lowest  death  rate  in  the  United  States? 
(2)  Which  has  been  reduced  the  most  and  which  the  least  in  the  last 
quarter  of  a  century?  (3)  In  which  is  the  causative  organism  most 
resistant  to  unfavorable  conditions  and  in  which  is  it  least  resistant? 
(4)  What  is  the  commonest  portal  of  infection  for  each  disease?  (5) 
In  which  does  the  causative  organism  produce  an  exotoxin? 


CHAPTER  XXIV 


FILTERABLE  VIRUSES,  BACTERIOPHAGE,  AND 

RICKETTSIAS 

In  previous  chapters  of  this  book  bacteria,  fungi,  and  protozoa  have 
been  discussed  as  causes  of  disease  in  a  wide  range  of  hosts,  both  plant 
and  animal.  These  organisms,  though  small,  are  easily  seen  with  an  oil 
immersion  microscope.  There  are,  however,  many  communicable  dis¬ 
eases  of  plants  and  animals  which  are  caused  by  other  agents. 

Filterable  Viruses 

Some  of  these  disease-producing  agents  are  too  small  to  be  seen  even 
with  a  good  microscope.  Because  many  of  them  readily  pass  through 
filters  that  bacteria  cannot  pass,  they  are  called  filterable  viruses.  Ex¬ 
amples  of  virus  diseases  are  influenza,  smallpox,  measles,  infantile  paral¬ 
ysis,  yellow  fever,  rabies,  foot  and  mouth  disease  of  cattle,  dog  distemper, 
mosaic  diseases  of  plants,  peach  yellows,  and  curly  top  of  sugar  beets. 

A  number  of  animal  diseases,  notably  hog  cholera,  parrot  fever,  and 
dog  distemper  were  once  supposed  to  be  of  bacterial  origin  because  cul¬ 
tures  thought  to  be  pure  would  cause  them  when  inoculated  into  sus¬ 
ceptible  hosts.  Later  work  has  shown  that  the  real  cause  is  a  filterable 
virus  that  contaminated  the  cultures  which  would  otherwise  have  been 
harmless. 

Properties  of  Filterable  Viruses. — There  are  certain  properties 
that  all  filterable  viruses  have  in  common.  ( i )  In  nature  they  are 
always  associated  with  a  diseased  plant  or  animal.  If  they  are  living 
things  they  must  be  classed  as  strict  parasites.  (2)  If  a  small  amount 
of  virus  is  inoculated  into  a  susceptible  host,  a  great  increase  takes  place, 
either  by  reproduction  or  by  stimulating  the  host  to  produce  more  of  the 
injurious  substance.  (3)  They  are  specific,  each  kind  of  virus  attacking 
only  one  or  a  limited  number  of  host  species  and  causing  a  definite  dis¬ 
ease  with  characteristic  symptoms.  (4)  They  are  antigenic,  causing  the 
host,  if  a  person  or  animal,  to  produce  antibodies  that  aid  in  recovery 
and  protect  in  some  measure  against  later  attacks.  (5)  They  are  par- 
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ticulate — i.e.,  the  virus,  as  extracted  for  study,  consists  of  a  liquid  in 
which  are  suspended  ultramicroscopic  particles.  (6)  They  are  somewhat 

more  resistant  to  injurious  conditions  such  as 
heat,  dryness,  and  disinfectants  than  are  the 
vegetative  cells  of  bacteria  but  they  are  less 
resistant  than  bacterial  spores.  Some  viruses 
show  a  special  affinity  for  certain  tissues  of  the 
body.  Thus  in  smallpox  and  measles  the  skin 
and  mucous  membranes  are  especially  damaged, 
and  in  rabies  and  infantile  paralysis  the  central 
nervous  system  suffers  most  and  contains  the 
virus  in  greatest  quantity. 

Theories  Concerning  the  Character  of 
Filterable  Viruses. — After  the  causes  of  a 
considerable  number  of  bacterial  diseases  had 
been  determined,  it  became  evident  that  certain 
other  communicable  diseases,  notably  rabies  and 
smallpox,  were  different  in  their  etiology.  Al¬ 
though  they  could  be  transmitted  by  direct  in¬ 
oculation  from  animal  to  animal,  no  causative 
organisms  could  be  found,  either  with  the  mi¬ 
croscope  or  by  cultural  methods.  Various  sug¬ 
gestions  and  theories  have  been  offered  in  ex¬ 
planation  of  the  nature  of  filterable  viruses,  but 
none  have  received  universal  acceptance.  Pas¬ 
teur  appears  to  have  been  the  first  to  suggest  an 
ultramicroscope  organism.  He  offered  this  theory 
to  explain  the  cause  of  rabies,  and  though  he 
presented  no  positive  experimental  evidence  it  has 
become  one  of  the  most  widely  accepted  theories. 

The  principal  theories  that  have  been  offered 
to  date  are  as  follows :  ( i )  The  Dutch  bac¬ 
teriologist,  Beijerinck,  studying  mosaic  disease 
of  tobacco,  startled  the  biological  world  by 
offering  his  theory  of  a  “ contagium  vivum  fluid um ,”  or  disease-producing 
living  fluid.1  He  evidently  thought  that  the  fluid  itself  possessed  the 


Fig.  152.  Bacterial 
filter.  The  liquid  to  be 
filtered  is  placed  in  the 
cylindrical  receptacle  at 
the  top,  which  contains  a 
candle-shaped  filter  of 
unglazed  porcelain.  Suc¬ 
tion  through  the  side  hose 
draws  the  liquid  portion 
of  the  material  through 
the  filter  into  the  flask 
below. 


1  It  should  be  understood  that  for  most  filtration  studies  and  some 
microscopic  studies  a  watery  extract  from  diseased  organs  of  the  plant  or 
animal  is  used,  and  the  liquid  portion  that  passes  through  the  filter  is  partly 
from  the  diseased  organ  but  often  consists  largely  of  fluid  added  to  get  the 
material  in  more  suitable  form  for  study. 
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properties  of  life.  The  idea  that  the  active  agent  consisted  of  minute 
living  particles  which,  as  prepared  for  study,  were  suspended  in  a  non¬ 
living  fluid,  was  brought  out  by  later  workers.  (2)  Pasteur’s  theory 
that  a  virus  consists  of  organisms  too  small  to  be  seen  is  one  of  the 
most  widely  accepted.  It  has  been  strengthened  by  demonstration  that 
the  liquid  contains  particles  which  are  not  removed  by  passing  it  through 
bacteriological  filters  of  various  kinds.  The  filtered  liquid  is  capable  of 
producing  the  disease.  By  ingenious  methods  the  particles  have  even  been 
measured.  If  these  particles  are  living,  they  probably  represent  a  kind 
of  life  different  from  bacteria  or  any  other  known  microorganisms. 
(3)  It  has  been  claimed  that  some  virus  diseases  are  caused  by  pro¬ 
tozoa,  but  the  evidence  has  not  been  conclusive  and  the  theory  has 
been  generally  discredited.  (4)  The  suggestion  has  been  offered  that 
an  ultramicroscopic  stage  of  a  bacterial  organism,  visible  during  part 
of  its  life  cycle,  may  act  as  a  filterable  virus.  (5)  In  some  virus 
diseases  of  plants  an  enzyme  has  been  alleged  to  be  the  disease-pro¬ 
ducing  agent,  but  the  evidence  has  been  strongly  challenged.  (6)  A 
highly  interesting  theory,  strikingly  different  from  all  the  others,  was 
proposed  by  Duggar  and  Karrer.  They  offered  the  tentative  sugges¬ 
tion  that  in  mosaic  diseases  of  plants  minute  fragments  of  chromatin, 
perhaps  genes,  have  become  separated  and  reproduce  themselves  in  the 
protoplasm,  where  they  exert  their  hereditary  tendencies  without  co¬ 
ordination  with  the  rest  of  the  chromatin.  (7)  The  most  recent  theory, 
based  on  extensive  data,  is  that  of  Stanley,  who  isolated  a  protein  from 
the  leaves  of  tobacco  afflicted  with  mosaic  disease,  and  this  protein,  after 
purification,  was  capable  of  producing  the  symptoms  of  the  disease  when 
inoculated  into  healthy  leaves  of  tobacco.  The  conclusion  drawn  was 
that  this  virus  is  a  protein. 

It  is  possible  that  the  agent  which  causes  one  virus  disease  may  be 
radically  different  from  that  which  causes  another ;  but  it  seems  probable 
that  they  have  much  in  common. 

Inclusion  Bodies  in  Virus  Diseases. — In  many  of  the  virus  dis¬ 
eases  of  man  and  animals,  visible  bodies  have  been  found  in  the  diseased 
cells  that  are  not  present  in  corresponding  cells  of  healthy  animals.  These 
are  known  as  u inclusion  bodies .”  In  some  diseases  they  are  associated 
with  the  nucleus,  in  others  with  the  cytoplasm.  Their  nature  is  not  well 
understood.  Some  believe  that  an  inclusion  body  is  a  single  parasite, 
others  that  it  is  a  visible  collection  of  the  ultramicroscopic  particles  of 
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the  virus,  but  more  regard  it  as  a  degeneration  product  of  the  diseased 
cells  of  the  host. 

Importance  of  Virus  Diseases. — In  both  the  plant  and  animal 
kingdom  the  virus  diseases  are  quite  comparable  in  importance  to  the 
bacterial  diseases.  Plants  have  more  virus  diseases  than  do  man  and 
animals;  the  number  already  studied  and  named  is  more  than  two  hun¬ 
dred,  with  others  being  constantly  added  to  the  list.  One  needs  only  to 
glance  at  the  examples  given  above  to  realize  that  some  of  the  worst 
human  and  animal  diseases  belong  to  this  group. 


Fig.  153.  Nerve  cell  from  Ammon’s  Horn,  from  dog  with  rabies.  The  large 
central  body  is  a  nucleus,  and  the  smaller  ones  are  Negri  bodies,  representative 
of  the  inclusion  bodies  of  virus  diseases. 


Carriers  in  Virus  Diseases. — Knowledge  that  there  are  carriers  in 
bacterial  diseases  is  based  on  finding  the  organisms  in  healthy  persons, 
either  by  cultures  or  by  microscopic  examination.  Obviously  such  evi¬ 
dence  cannot  be  had  for  virus  diseases  where  the  causative  agent  is  invis¬ 
ible  and  will  not  develop  on  culture  media.  There  is,  however,  some 
epidemiological 1  evidence  that  carriers  occur  in  some  virus  diseases — for 
example,  influenza  and  infantile  paralysis,  in  which  the  disease  often  ap¬ 
pears  in  localities  where  there  are  no  known  cases.  Positive  proof  for 
such  carriers  is  lacking,  however. 

Vaccines  for  Virus  Diseases. — The  fact  that  most  virus  diseases  of 
man  and  animals  confer  a  high  degree  of  immunity  offers  hope  that  vac¬ 
cines  successful  against  them  will  be  prepared.  It  is  an  interesting  fact 
that  two  of  the  earliest  vaccines  used  were  for  protection  against  virus 
diseases,  smallpox  and  rabies.  Such  vaccines  consist  of  the  virus  itself, 
attenuated  or  weakened  so  that  it  is  safe  to  use  although  still  antigenic. 
Rabies  virus  is  attenuated  by  drying,  and  smallpox  virus  is  attenuated  by 
growing  in  a  bovine  animal.  For  most  virus  diseases  no  method  has  yet 
been  found  for  attenuating  the  virus  without  destroying  it,  although 
much  may  be  expected  from  research  now  in  progress. 

1  By  epidemiological  evidence  is  meant  the  occurrence,  distribution  of 
the  disease,  the  conditions  under  which  new  cases  appear,  etc. 
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Bacteriophage 


There  is  much  in  common  between  filterable  viruses  and  bacterio- 
phage.  Both  consist  of  ultramicroscopic  particles,  both  cause  disease  in 
a  living  host  and  increase  at  its 
expense,  and  neither  can  develop  on 
non-living  material. 

D’Herelle,  one  of  the  discoverers 
of  bacteriophage  and  the  most  pro¬ 
lific  writer  on  the  subject,  has  given 
us  much  information  concerning  it. 

Ele  showed  that  it  is  commonly 
present  in  sewage,  that  it  consists  of 
minute  particles  capable  of  passing 
through  bacteriological  filters,  that 
it  increases  in  living  cultures  of  bac¬ 
teria,  and  that  it  kills  these  cultures 
and  destroys  the  cells.  Experiment¬ 
ally,  it  is  easy  to  inoculate  a  heavily 
clouded  bouillon  culture  with  a  tiny 
bit  of  bacteriophage  and  note  that 
the  culture  becomes  clear  as  a  re- 


Fig.  154.  The  action  of  bacterio¬ 
phage  on  bacterial  growth.  The  nu¬ 
merous  small  open  places  in  the  bac¬ 
terial  strokes  are  the  result  of  a  killing 
of  the  cells  there  by  the  bacteriophage. 
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of  melted  agar  which  is  then  poured 

into  a  Petri  dish.  Clear  areas  will  appear  on  the  plate  where  no  col¬ 
onies  develop  because  of  the  presence  of  the  bacteriophage.  Wherever  a 
bacteriophage  particle  comes  to  rest  it  multiplies  at  the  expense  of  the 
neighboring  bacteria,  leaving  a  vacancy  among  the  colonies.  D’Herelle 
regarded  bacteriophage  as  a  strict  parasite  of  bacteria,  but  other  investi¬ 
gators  have  disagreed  with  this  interpretation,  leaving  its  explanation  as 
uncertain  as  that  of  filterable  viruses. 


The  Rickettsia  Group 

In  a  few  human  diseases  minute  bodies  are  found  which  are  visible 
with  a  microscope  and  are  generally  interpreted  as  parasitic  organisms 
that  are  not  true  bacteria.  These  organisms  form  the  Rickettsia  group, 
consisting,  at  present,  of  two  genera,  Rickettsia  and  Dermacentroxenus. 
They  appear  to  be  the  causative  agents  of  typhus  fever,  Rocky  Mountain 
spotted  fever,  and  trench  fever. 
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Fig.  155.  Rickettsiae.  Left,  from  endemic  typhus,  in  yolk  sac  of  chick  embryo; 
right,  R.  diaporica  of  American  fever  in  inflammatory  exudate  of  guinea  pig. 
Courtesy  of  Rocky  Mountain  Laboratory,  U.  S.  Public  Health  Service. 
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Fig.  156.  D ermacentroxenus  rickettsii  in  walls  of  an  arteriole  of  a  guinea  pig. 
After  Wollbach,  in  Journal  of  Medical  Research. 
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Organisms  of  the  Rickettsia  group  are  strict  parasites,  not  repro¬ 
ducing  in  the  absence  of  living  cells.  They  are  found  abundantly  in 
the  ticks,  lice,  and  other  vectors  that  transmit  the  diseases  which  they 
produce  and  less  abundantly  in  the  mammalian  host — man  or  other  ani¬ 
mal.  For  many  organisms  of  the  Rickettsia  group  no  mammalian  host 
is  known  and  probably  none  exists.  They  are  usually  short  rods,  about 
0.3  X  0.5  microns  in  size,  but  may  vary  considerably  in  shape.  Though 
smaller  than  most  bacteria  they  do  not  pass  through  the  usual  bacterio¬ 
logical  filters. 

In  typhus  and  Rocky  Mountain  spotted  fever  recovery  from  the  dis¬ 
ease  is  accompanied  for  a  time  by  a  high  degree  of  active  immunity.  For 
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Fig.  157.  Wood  ticks.  Dermacenter  andersoni.  Left,  male;  right,  female. 
Courtesy  of  Rocky  Mountain  Laboratory,  U.  S.  Public  Health  Service. 

each  of  these  a  vaccine  has  been  prepared  by  an  interesting  method.  As 
the  organisms  cannot  be  grown  in  culture  media  they  are  grown  in  the 
bodies  of  the  vectors,  which  are  then  ground  up  and  after  treatment  with 
a  disinfectant  are  made  into  a  suspension  which  is  the  vaccine. 

Our  knowledge  of  the  Rickettsia  organisms  is  very  meager,  and  much 
research  will  be  required  to  bring  our  understanding  of  their  biology  to  a 
satisfactory  basis. 

Review  Questions 

1.  What  is  the  physical  nature  of  a  filterable  virus? 

2.  Why  are  virus  diseases  so  much  more  difficult  to  study  than  bacterial 

diseases  ? 

3.  In  what  environment  does  a  virus  increase  or  reproduce?  What  two 

explanations  have  been  offered  to  account  for  the  increase  of  virus 
within  a  host? 
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4.  Compared  with  bacterial  diseases,  to  what  extent  ( a )  are  virus  diseases 

specific;  (b)  do  virus  diseases  of  man  and  animals  confer  immunity 
to  a  second  attack? 

5.  Are  viruses  more  or  less  susceptible  than  bacteria  to  the  action  of 

disinfectants  ? 

6.  Which  two  theories  explaining  the  nature  of  filterable  viruses  seem 

most  plausible?  What  two  explanations  have  been  offered  as  to  the 
nature  of  the  “inclusion  bodies”  of  virus  diseases? 

7.  What  is  the  nature  of  the  evidence  that  carriers  occur  in  some  virus 

diseases?  Compare  this  with  the  evidence  that  there  are  carriers  in 
some  bacterial  diseases. 

8.  Name  two  virus  diseases  for  which  successful  vaccines  have  been  made. 

How  is  the  vaccine  prepared  in  each  case? 

9.  In  what  respects  is  bacteriophage  like  a  filterable  virus?  In  what 

forms  of  life  does  bacteriophage  cause  a  disease? 

10.  Do  bodies  of  the  Rickettsia  group  more  resemble  filterable  viruses  or 

bacteria?  Explain.  Are  members  of  this  group  parasites  or  sapro¬ 
phytes  or  both? 

11.  How  are  diseases  caused  by  members  of  this  group  usually  transmitted? 

12.  H  ow  is  the  vaccine  prepared  for  Rocky  Mountain  spotted  fever? 
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The  technical  terms  contained  in  this  glossary  are  used  in  the  text. 

There  are  many  other  bacteriological  terms  which  are  not  included. 

Some  of  those  listed  here  have  more  than  one  meaning,  but  in  such  cases 

only  the  meanings  that  apply  to  the  subject  of  bacteriology  are  given. 

Acid-fast  Bacteria.  Bacteria  that  strongly  resist  decoloration  after 
being  stained  with  a  hot  dye  such  as  carbol  fuchsin. 

Acquired  Immunity.  Immunity  that  an  individual  obtains  after  a 
period  of  natural  susceptibility. 

Activated  Sludge  Process.  A  method  of  sewage  purification  in  which 
a  little  “ripe”  sewage  is  added  to  the  fresh  sewage  to  be  treated,  which 
is  then  submitted  to  extensive  aeration.  (Fig.  1 1 9,  p.  200 ) 

Active  Immunity.  Immunity  in  which  the  immunizing  agent  is  pro¬ 
duced  by  the  metabolism  of  the  immunized  individual. 

Aerobes.  Organisms  that  require  oxygen  in  the  free  state  for  respiration. 

Agar.  1.  A  polysaccharide  material  extracted  from  sea  weeds.  2.  A 
culture  medium  solidified  with  this  material. 

Agglutination.  The  clumping  together  of  bacteria  through  the  action 
of  agglutinins  homologous  with  them. 

Agglutinins.  A  kind  of  antibody  that  causes  the  clumping  together 
of  the  corresponding  antigen  particles,  such  as  bacterial  bodies. 

Alexin.  Same  as  amboceptor. 

Algae.  Thallophytic  plants  that  carry  on  photosynthesis  with  the 
aid  of  chlorophyll  or  other  pigment. 

Allergy.  A  state  of  hypersensitivity  to  a  foreign  substance  such  as 
protein. 

Amboceptor.  A  specific  antibody  that  has  an  affinity  for  complement 
and  for  the  antigen  that  stimulated  its  production. 

Ammonification.  The  formation  of  ammonia  from  organic  compounds. 
(Fig.  106,  p.  176) 

Amphitrichic.  With  a  tuft  of  flagella  at  each  end  of  the  cell.  (Fig.  26, 

P*  30 

Anaerobes.  Organisms  that  require  for  respiration  oxygen  in  a  com¬ 
bined  form  such  as  sugar. 
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Anaerobiosis.  Life  in  the  absence  of  free  oxygen,  the  organism  obtaining 
its  oxygen  for  respiration  from  oxygen  compounds. 

Anaphylactic  Shock.  The  response  of  the  body  to  the  injection  of  a 
substance  to  which  the  body  is  abnormally  sensitive. 

Anaphylaxis.  A  state  of  hypersensitiveness  to  a  foreign  protein  or 
other  substance,  brought  about  by  an  initial  injection  of  the  substance. 
Anorexia.  Loss  of  appetite. 

Antagonism.  A  relationship  between  species  of  microorganisms  in 
which  one  kills  or  injures  the  other.  Antibiosis.  (Fig.  8 1 ,  p.  139) 

Antibiosis.  A  relationship  between  species  of  microorganisms  in  which 
one  kills  or  injures  the  other.  Antagonism.  (Fig.  81,  p.  139) 

Antibody.  A  substance  produced  by  the  body  under  the  stimulus  of  an 
antigen.  In  the  terms  of  Ehrlich,  any  kind  of  a  receptor. 

Antigen.  A  substance,  usually  a  foreign  protein,  that,  if  injected 
into  the  body,  stimulates  the  production  of  an  antibody  such  as 
antitoxin. 

Antiseptic.  A  chemical  substance  that,  in  the  strength  used,  will 
inhibit  the  activities  of  microorganisms  without  killing  them. 

Antitoxin.  An  antibody,  or  first  order  receptor,  that  has  the  power  of 
neutralizing  the  effects  of  the  homologous  toxin  that  served  as  an 
antigen  for  its  production. 

Ascospores.  Spores  produced  in  definite  numbers,  usually  eight,  by 
free  cell  formation  within  a  sac  or  ascus.  (Fig.  92,  p.  152) 

Ascus.  The  spore-bearing  sac  of  the  Ascomycetes.  (Fig.  92,  p.  152) 

Atopy.  A  natural  hypersensitivity,  not  brought  about  by  an  initial 
injection  of  the  substance  to  which  the  body  is  sensitive. 

Attenuated.  Made  weaker  than  normal. 

Autoclave.  An  apparatus  used  for  heating  materials  under  steam  pres¬ 
sure.  Similar  in  principle  to  a  pressure  cooker.  (Fig.  60,  p.  78) 

Autolysis.  The  destructive  action  of  enzymes  upon  the  tissues  that 
produced  them,  as  the  over-ripening  of  bananas  and  other  kinds  of 
fruit.  (Fig.  137,  p.  228) 

Autotrophic  Bacteria.  Bacteria  that  can  live  without  a  supply  of 
organic  matter. 


Bacteremia.  The  presence  of  pathogenic  bacteria  in  the  blood  stream 
Septicaemia. 

Bacteriolysis.  The  disintegration  of  bacterial  cells. 
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Bacteriophage.  A  filterable  virus  capable  of  destroying  living  bacteria. 
(Fig.  154,  p.  289) 

Barriers  of  Infection.  Mechanical  obstructions,  such  as  skin  and 
mucous  membranes,  that  prevent  pathogenic  organisms  from  reach¬ 
ing  a  vulnerable  region. 

Befouled  Water.  Water  that  is  polluted  with  non-excrementous  waste 
material. 

Budding.  A  method  of  cell  division  in  which  a  small  area  of  the  cell 
wall  softens  and  protoplasm  including  a  nucleus  is  forced  out  and 
is  later  cut  off  by  constriction,  thus  forming  a  new  cell.  (Fig.  94, 

p- 155) 

Butter  Culture.  A  pure  culture  or  a  definite  mixture  of  bacterial  species 
added  to  cream  after  pasteurization  to  give  desired  flavor  and 
consistency  to  the  butter  made  from  it. 

By-products.  Substances  that  remain  after  certain  elements  have  been 
removed  for  use  by  the  organism,  e.g.,  nitrites,  after  oxygen  has  been 
removed  from  nitrates. 


Capsule.  A  layer  of  gelatinous  or  polysaccharide  material  surrounding 
the  cell  wall  of  many  species  of  bacteria.  (Fig.  23,  p.  31 ) 

Carbohydrases.  The  group  of  enzymes  that  hydrolyze  complex  car¬ 
bohydrates  to  simpler  ones.  The  amylolytic  group. 

Carrier  of  Disease.  A  person  or  animal  that  harbors  the  organisms  of 
disease  without  showing  symptoms. 

Categories.  The  several  group  names — orders,  families,  genera,  etc. — 
used  for  classifying  living  things. 

Cellulase.  The  enzyme  that  hydrolyzes  cellulose  into  cellobiose. 

Cesspool.  An  underground  chamber  with  porous  walls,  used  for  the 
disposal  of  small  quantities  of  sewage.  (Fig.  116,  p.  197) 

Chemosynthesis.  The  obtaining  of  energy  by  the  oxidation  of  inor¬ 
ganic  substances,  followed  by  its  use  for  the  building  of  organic 
compounds. 

Chemotaxis.  The  ability  of  organisms  to  respond  to  chemical  stimuli  by 
moving  toward  or  away  from  the  region  of  greatest  concentration. 

Chlamydospores.  Thick-walled  spores  formed  by  a  rounding  up  of  cells 
of  a  mycelium.  (Fig.  83,  p.  144) 

Chromogenesis.  The  production  of  pigment. 

Cocci.  Bacteria  that  are  spherical  or  nearly  so.  (Fig.  18,  p.  27) 


296  GLOSSARY  OF  TECHNICAL  TERMS 

Colony.  A  visible  collection  of  bacteria  resulting  from  the  multiplica¬ 
tion  and  growth  of  a  single  individual.  (Fig.  55,  p.  72) 

Columella.  A  dome  shaped,  non-spore-forming  structure  extending  up¬ 
ward  from  the  sporangiophore  into  the  base  of  a  sporangium,  as  in 
Rhizopus.  (Fig.  89,  p.  150) 

Commensalism.  A  relationship  between  species  of  organisms  in  which 
one  receives  benefit  and  the  other  neither  benefit  nor  harm. 
Metabiosis. 

Condenser.  A  large  lens  beneath  the  stage  of  a  microscope,  for  con¬ 
centrating  light  on  the  object  from  below.  (Fig.  12,  p.  20) 

Conidia.  Fungus  spores  cut  off  from  the  tips  of  hyphae  by  constriction. 
(Fig.  83,  p.  144) 

Conidiophore.  A  stalk  that  produces  one  or  more  conidia.  (Fig.  83, 
p.  144) 

Conjugation.  The  union  of  two  gamete  cells  in  sexual  reproduction. 
(Fig.  86,  p.  148) 

Constriction.  A  method  of  cell  division  in  which  the  cell  is  cut  in  two 
by  a  circular  furrow  surrounding  it.  (Fig.  66,  p.  87) 

Contaminated  Water.  Water  that  is  polluted  with  human  or  animal 
excreta. 


Dark  Field  Illumination.  Light  that  strikes  objects  obliquely  and  is 
reflected  by  them  into  the  microscope  although  the  field  on  which 
they  lie  is  not  lighted.  (Figs.  14,  p.  22,  and  15,  p.  23) 

Decay.  The  destruction  of  organic  materials  through  the  action  of 
enzymes  produced  by  microorganisms. 

Dehydrogenases.  A  group  of  enzymes  that  remove  hydrogen  from 
compounds  and  thus  produce  the  effect  of  oxidation. 

Denitrification.  The  formation  of  free  nitrogen  or  nitrous  oxide  from 
nitrates.  (Fig.  106,  p.  176) 

Diastase.  The  enzyme  that  hydrolyzes  starch  to  maltose.  Amylase. 
Ptyalin. 

Diffuse  Nuclei.  Nuclei  composed  of  chromatin  material  scattered 
throughout  the  cytoplasm  rather  than  enclosed  within  a  nuclear 
membrane.  (Fig.  21,  p.  30) 

Disinfectants.  Chemical  substances  capable  of  killing  microorganisms. 


Endoenzymes.  Same  as  intracellular  enzymes. 
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Endotoxins.  Toxins  that  remain  within  the  cells  that  produce  them 
and  do  not  stimulate  the  production  of  corresponding  antitoxins. 

Environment.  The  composite  of  all  conditions  surrounding  an  organism. 

Enzyme.  An  organic  catalist. 

Epidemiology.  The  science  of  tracing  the  sources  from  which  diseases 
spread. 

Etiology.  The  science  of  causes,  e.g.,  causes  of  disease. 

Excretions.  Substances  that  have  become  so  changed  in  composition 
through  metabolism  that  they  are  no  longer  useful  to  the  organism 
that  produced  them  and  are  cast  off,  e.g.,  carbon  dioxide. 

Exoenzymes.  Same  as  extracellular  enzymes. 

Exotoxins.  Toxins  that  diffuse  from  the  cells  that  produce  them  into 
the  surrounding  medium.  They  are  antigenic  and  stimulate  the 
formation  of  antitoxins. 

Extracellular  Enzymes.  Enzymes  that  diffuse  out  of  the  cells  that 
formed  them.  Exoenzymes. 


Facultative  Anaerobes.  Organisms  that  can  use  for  respiration  either 
oxygen  in  the  free  state  or  oxygen  compounds. 

Facultative  Parasites.  Organisms  that  can  live  either  as  parasites  or 
as  saprophytes. 

False  Branching.  A  kind  of  branching  of  filaments  in  which  the  cells 
do  not  branch,  but  the  branch  of  the  filament  is  held  to  the  main 
filament  by  a  common  sheath  surrounding  both.  (Fig.  82,  p.  143) 

Fermentation.  An  oxidative  process  carried  on  by  microorganisms 
whereby  organic  materials,  usually  carbohydrates,  are  destroyed, 
with  the  formation  of  acids  and  sometimes  carbon  dioxide  and 
alcohol. 

Filterable  Viruses.  Ultra-microscopic  particles  that  can  be  passed 
through  a  bacterial  filter  and  are  capable  of  producing  specific 
communicable  diseases.  By  many  authorities  they  are  believed  to  be 
forms  of  life. 

Fission.  A  method  of  cell  division  by  constriction  in  which  two  daughter 
cells  of  equal  size  are  formed.  (Fig.  66,  p.  87) 

Flagella.  Slender  protoplasmic  strands  that  extend  from  the  cell  and 
serve  as  organs  of  locomotion.  (Figs.  24,  p.  31,  and  26,  p.  33) 

Fomites.  Articles  or  materials  that  harbor  pathogenic  organisms  for  a 
considerable  time. 
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Fungi  Imperfecti.  A  heterogeneous  group  of  fungi  that  have  no  sexual 
stage.  Apparently  most  of  them  are  degenerate  Ascomycetes. 
Fungus.  A  thallophytic  plant  that  lacks  chlorophyll  and  is  of  filamentous 
structure.  (Figs.  87,  p.  148,  and  88,  p.  149) 


Gametes.  Two  cells  that  unite  in  sexual  reproduction.  (Fig.  86,  p.  148) 
Gonidia.  Reproductive  cells  formed  in  considerable  numbers  within  a 
bacterial  cell.  (Fig.  48,  p.  56) 

Growth.  1.  Increase  in  size  of  an  individual.  2.  Increase  in  numbers  of 
microorganisms.  3.  A  visible  mass  of  microorganisms  formed  by 
reproduction  and  enlargement. 


Hanging  Drop.  A  drop  of  liquid  suspended  for  study  from  the  under 
side  of  a  cover  glass  mounted  on  a  slide  with  a  depression  in  the 
surface.  (Fig.  16,  p.  24) 

Humus.  Organic  matter  decomposed  to  such  an  extent  that  its  original 
structure  is  no  longer  recognizable.  (Fig.  97,  p.  165) 

Hydrolases.  Enzymes  that  bring  about  chemical  change  by  the  addition 
of  water  that  goes  into  chemical  union  with  the  substance  acted  upon. 

Hypersensitivity.  An  abnormally  high  degree  of  sensitiveness  to  foreign 
substances  such  as  proteins. 

Hypertrophy.  The  abnormal  multiplication  of  cells  resulting  in  the 
formation  of  nodules,  tumors,  etc. 

Hyphae.  Branches  of  a  fungus  mycelium.  (Fig.  82,  p.  143) 


Imhoff  Tank.  A  specially  constructed  septic  tank  having  a  flow  chamber 
above  and  a  sludge  chamber  below.  (Fig.  117,  p.  198) 

Immunity.  The  ability  of  an  animal  or  plant  to  resist  disease  even  when 
the  pathogenic  organisms  invade  a  vulnerable  region. 

Impressed  Variation.  A  kind  of  variation  brought  about  by  some 
recognizably  unfavorable  condition. 

Inflammation.  A  morbid  condition  characterized  by  swelling,  redness, 
and  pain,  usually  in  a  localized  region. 

Inoculum.  Material  containing  microorganisms  and  used  for  the  inocula¬ 
tion  of  media  or  hosts. 

Intermolecular  Respiration.  A  form  of  respiration  in  which  oxygen 
is  taken  from  one  kind  of  molecule  and  used  to  oxidize  another. 
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Intracellular  Enzymes.  Enzymes  that  remain  within  the  cells  that 
produced  them.  Endoenzymes. 

Intramolecular  Respiration.  A  form  of  respiration  in  which  there  is  a 
rearrangement  of  atoms  within  the  molecule  resulting  in  a  release 
of  energy. 

Involution  Forms.  Cells  of  microorganisms  large  in  size  and  of  usual 
form.  Generally  considered  abnormal.  (Fig.  19,  p.  28) 

Iron  Bacteria.  Bacteria  that  contain  ferric  hydroxide  in  the  stalk  or  the 
sheath. 

Irritability.  The  capacity  of  an  organism  for  response  to  change  in  the 
environment. 


Lens.  A  piece  of  glass  or  other  transparent  substance  used  for  magnifying 
or  reducing  the  apparent  size  of  objects.  (Fig.  10,  p.  17) 
Lipolytic  Enzymes.  Enzymes  that  hydrolyze  fats  into  fatty  acids  and 
glycerol. 

Lophotrichic.  With  flagella  in  a  tuft  at  one  end  of  the  cell.  (Fig.  24, 

p-  31) 

Lysin.  An  enzyme  or  other  substance  that  breaks  down  or  dissolves 
organic  substances. 


Mantoux  Test.  A  tuberculin  test  in  which  the  tuberculin  is  injected 
intradermally. 

Mass  Morphology.  The  morphology  of  bacterial  groups,  colonies,  etc., 
as  contrasted  with  individual  cells.  (Fig.  31,  p.  37) 

Mechanism  of  Infection.  The  means  by  which  microorganisms  produce 
disease. 

Mesophiles.  Bacteria  that  grow  best  at  moderate  temperatures,  having  an 
optimum  of  25 0  C.  to  45 0  C. 

Metabiosis.  Same  as  commensalism. 

Metabolism.  Any  chemical  change  brought  about  by  a  living  thing  in  its 
use  of  food. 

Metatrophic  Bacteria.  Same  as  saprophytic  bacteria. 

Microaerophiles.  Organisms  that  require  free  oxygen  of  less  concentra¬ 
tion  than  that  found  in  the  atmosphere.  (Fig.  75,  p.  no) 

Micromanipulator.  A  complicated  piece  of  apparatus  used  for  fine 
dissection  under  the  microscope,  or  for  single  cell  isolation.  (Fig.  65, 
p.  84) 
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Micron.  A  unit  of  measurement  having  a  value  of  O.OOi  of  a  milli¬ 
meter. 

Microorganisms.  Forms  of  life  that  are  microscopic  in  size,  or  nearly 
so.  (Fig.  2,  p.  3) 

Microphiles.  Bacteria  having  a  narrow  temperature  range  for  growth. 

Mold.  A  saprophytic  fungus  that  is  of  simple  filamentous  structure. 
Figs.  82  to  93,  pp.  143  to  152) 

Monotrichic.  With  flagella  occurring  singly  at  one  end  of  the  cell. 
(Fig.  24,  p.  31) 

Morbidity.  The  frequency  of  occurrence  of  cases  of  a  disease. 

Morphology.  That  branch  of  biological  science  that  deals  with  qualities 
that  appear  to  the  eye — size,  form,  color,  etc. 

Mortality.  The  percentage  of  deaths  among  those  afflicted  with  a 
disease. 

Mutation.  A  change  from  some  parental  character  occurring  in  the 
offspring.  More  permanent  than  variation. 

Mycelium.  The  branching,  thread-like  structure  that  makes  up  the 
vegetative  body  of  a  fungus.  (Fig.  88,  p.  149) 


Natural  Immunity.  Immunity  that  an  individual  possesses  by  virtue 
of  its  race  or  species.  Immunity  present  from  the  beginning  of 
life  of  the  individual. 

Necrosis.  The  death  of  tissues. 

Nitrate  Reduction.  The  formation  of  nitrites  or  ammonia  from 
nitrates.  (Fig.  106,  p.  176) 

Nitrification.  The  formation  of  nitric  acid  or  nitrates  from  ammonia. 
(Fig.  104,  p.  174) 

Nitrogen  Fixation.  The  formation  of  nitrogen  compounds  from  free 
nitrogen.  (Fig.  106,  p.  176) 

Non-symbiotic  Nitrogen  Fixation.  Fixation  of  nitrogen  by  organisms 
living  independently. 

Nosepiece.  The  portion  of  a  microscope  into  which  the  objectives  are 
screwed.  (Fig.  11,  p.  19) 


Objective.  The  system  of  lenses  in  a  compound  microscope  that  is 
used  next  to  the  object  to  be  studied.  (Fig.  11,  p.  19) 

Ocular.  The  combination  of  lenses  at  the  top  of  a  compound  micro¬ 
scope.  Also  called  an  eyepiece.  (Fig.  11,  p.  19) 
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Oidia.  Thin  walled  spores  formed  by  the  separation  of  undifferentiated 
cells  of  a  mycelium.  (Fig.  83,  p.  144) 

Opsonins.  Antibodies  which  make  bacteria  more  readily  ingested  by 
phagocytes. 

Osmosis.  The  tendency  of  fluids  to  pass  through  a  membrane  that 
separates  two  portions  of  different  concentration. 


Parasites.  Organisms  that  obtain  their  food  from  the  living  substance 
of  other  organisms. 

Paratrophic  Bacteria.  Same  as  parasitic  bacteria. 

Passive  Immunity.  Immunity  in  which  the  immunized  individual 
does  not  produce  its  own  immunizing  agent  but  receives  it  from 
one  with  active  immunity. 

Pasteurization.  Heating  at  a  temperature  that  will  kill  most  ob¬ 
jectionable  microorganisms,  excepting  spore  forming  bacteria  and 
thermophiles.  (Fig.  13 1,  p.  218) 

Pathogenicity.  The  ability  to  produce  disease.  Virulence. 

Pathogens.  Organisms  that  cause  disease  in  other  forms  of  life. 

Pathology.  A  study  of  the  abnormal  conditions  that  occur  in  the 
tissues  as  a  result  of  disease. 

Peritrichic.  With  flagella  distributed  all  over  the  cell  body.  (Fig.  24, 

p-  30 

Phagocytes.  Leucocytes  or  other  living  cells  that  have  the  power  of 
ingesting  bacteria. 

Phenol  Coefficient.  The  killing  strength  of  a  disinfectant,  relative  to 
that  of  phenol. 

Photogenesis.  The  production  of  light.  Phosphorescence.  (Fig.  79, 
P-  124) 

Photosynthesis.  The  formation  of  carbohydrates  from  simpler  food 
materials,  using  light  as  the  source  of  energy. 

Physiology.  That  branch  of  biological  science  which  deals  with  the 
functions  and  activities  of  living  things — nutrition,  growth,  re¬ 
production,  irritability,  etc. 

Plane  of  Division.  The  direction  in  which  a  cleavage  furrow  divides 
a  cell.  (Fig.  69,  p.  89) 

Plasmodesmid.  A  protoplasmic  strand  extending  from  one  bacterial 
cell  to  another.  (Fig.  67,  p.  88) 

Plasmolysis.  The  shrinkage  of  a  cell  through  the  withdrawal  of  water 
by  osmotic  action.  (Fig.  80,  p.  130) 
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Pleomorphism.  Exhibiting  several  forms  or  shapes.  Polymorphism. 
(Fig.  33,  P-  45) 

Polluted  Water.  Water  that  contains  non-poisonous  waste  material. 

Polymorphism.  Exhibiting  several  forms  or  shapes.  Pleomorphism. 
(Fig.  33,  p.  45) 

Portals  of  Infection.  Openings  through  which  pathogenic  organisms 
pass  into  the  body  of  the  host. 

Post-fission  Movements.  Movements  of  cells  following  fission, 
whereby  the  two  adjacent  cells  are  finally  separated.  (Fig.  68, 
p.  88) 

Precipitins.  A  kind  of  antibody  that  forms  a  precipitate  with  an 
antigen  that  was  previously  in  solution. 

Processing.  Preliminary  treatment,  canning,  and  sterilization  of  foods. 
The  term  is  often  used  for  a  single  one  of  these  operations  such  as 
sterilization. 

Proenzyme.  A  substance  that  changes  into  an  enzyme  after  leaving 
the  cell  that  formed  it.  A  zymogen. 

Prognosis.  A  prediction  concerning  the  outcome  of  a  case  of  disease. 

Proteolysis.  The  destruction  of  proteins  by  enzymes. 

Proteolytic  Enzymes.  Enzymes  that  hydrolyze  proteins  and  related 
compounds. 

Prototrophic  Bacteria.  Same  as  autotrophic  bacteria. 

Protozoa.  Unicellular  members  of  the  animal  kingdom. 

Psychrophiles.  Bacteria  that  grow  best  at  relatively  low  tempera¬ 
tures,  having  an  optimum  of  150  C.  to  20°  C. 

Putrefaction.  The  chemical  decomposition  of  proteins  and  related 
compounds,  usually  with  the  production  of  disagreeable  odors. 


Receptors.  The  term  used  by  Paul  Ehrlich  for  antibodies.  (Fig.  145, 
p.  263) 

R-colonies.  Colonies  that  have  a  rough  surface,  although  belonging 
to  a  species  that  usually  produces  smooth  colonies.  (Fig.  71,  p.  93) 

Reflected  Light.  Light  that  strikes  the  surface  of  an  object  being 
studied  with  a  microscope  and  is  reflected  back  into  the  lens. 

Rennin.  The  enzyme  that  changes  the  soluble  casein  of  milk  into 
the  solid  paracasein. 

Respiration.  Any  oxidative  change  whereby  energy  is  released  for 
life  processes. 
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Ropy  Milk.  Milk  that  is  viscid  because  of  the  presence  of  capsule¬ 
forming  bacteria  such  as  A Ikaligines  viscosus. 


Saprophytes.  Organisms  that  use  non-living  organic  matter  for  food. 

Schick  Test.  A  skin  test  to  determine  whether  or  not  a  person  is 
susceptible  to  diphtheria. 

S-Colonies.  Colonies  that  have  a  smooth  surface,  although  belonging 
to  a  species  that  usually  produces  rough-surfaced  colonies.  (Fig. 

7L  P-  93) 

Secondary  Invaders.  Saprophytic  organisms  that  invade  the  body  of 
a  host  in  the  wake  of  a  pathogenic  species. 

Secretions.  Substances  that  serve  a  useful  purpose  to  the  organisms 
that  produce  them,  e.g.,  enzymes. 

Septate  Mycelium.  A  mycelium  subdivided  into  cells  by  cross-walls 
or  septa.  (Fig.  82,  p.  143) 

Septic  Tank.  A  deep  vat  or  chamber  used  for  the  anaerobic  treatment 
of  sewage. 

Septicemia.  The  presence  of  pathogenic  bacteria  in  the  blood  stream. 
Bacteraemia. 

Sludge.  The  mass  of  solids — cellulose,  fats,  etc. — remaining  after  a 
sewage  treating  process  is  completed. 

Sources  of  Infection.  Places  from  which  disease-producing  organisms 
were  acquired  by  the  host. 

Specificity.  The  limitation  of  a  species  of  microorganism  to  one 
species  of  host,  or  to  at  least  a  small  number. 

Spontaneous  Combustion.  Ignition  of  material  by  heat  generated 
through  its  oxidation. 

Spontaneous  Generation.  The  origin  of  living  things  from  non¬ 
living  materials. 

Sporangia.  Sacs  in  which  spores  are  formed.  (Fig.  89,  p.  150) 

Sporangiophore.  A  stalk  that  produces  a  sporangium.  (Fig.  88, 
p.  149) 

Sporangium.  A  sac  that  contains  spores,  usually  numerous  and  in¬ 
definite  in  number.  (Fig.  89,  p.  150) 

Spore.  1.  A  simple  reproductive  body  of  a  lower  plant,  capable  of 
growing  directly  into  a  new  plant.  (Figs.  83,  p.  144,  and  90,  p. 
15 1 )  2.  Among  bacteria,  a  thick-walled  resistant  cell.  (Figs.  27, 

p.  34,  and  28,  p.  35) 

Steatolytic  Enzymes.  Enzymes  of  the  lipolytic  group. 
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Sterigmata.  Tiny  stalks  that  produce  spores  at  their  tips,  as  in 
Aspergillus  and  mushrooms.  (Fig.  91,  p.  1 5 1 ) 

Sterilization.  Killing  microorganisms,  usually  by  means  of  heat. 

Stock  Cultures.  Cultures  of  microorganisms  kept  as  a  reserve  for 
future  use. 

Strict  Parasites.  Organisms  that  require  a  living  host. 

Stringy  Milk.  Milk  that  contains  tough  stringy  clots  as  it  is  drawn 
from  an  inflamed  udder. 

Stroke  Cultures.  Cultures  made  by  applying  the  organisms  with  a 
loop  or  other  instrument  to  the  surface  of  a  medium,  usually 
agar  slanted  in  a  test  tube.  (Fig.  57,  p.  73) 

Sulfur  Bacteria.  Bacteria  that  use  sulfur  or  hydrogen  sulfide  for 
food  and  oxidize  it.  Some  forms  store  granules  of  sulfur  in  their 
cells. 

Suppuration.  The  formation  of  pus. 

Symbiosis.  A  relationship  between  species  of  organisms  whereby  each 
receives  some  form  of  benefit. 

Symbiotic  Nitrogen  Fixation.  Nitrogen  fixation  by  bacteria  living 
symbiotically  with  higher  plants. 

Symptoms.  Functional  disturbances  brought  about  by  diseased  con¬ 
ditions. 

Synergism.  The  ability  of  two  or  more  species  of  organisms  to  bring 
about  chemical  changes  that  neither  can  bring  about  alone. 


Thermal  Death  Point.  The  lowest  temperature  at  which  an  organism 
will  be  killed  by  heat  under  standard  conditions,  e.g.,  when  heated 
in  standard  beef  bouillon  for  ten  minutes. 

Thermal  Death  Rate.  The  rate  at  which  bacteria  are  killed  by  heat 
under  given  conditions. 

Thermal  Death  Time.  The  time  required  to  kill  all  the  individuals 
of  a  species  when  heated  under  standard  conditions,  as  in  canned 
products  at  a  sterilizing  temperature. 

Thermogenesis.  Heat  production  by  microorganisms. 

Thermolabile.  Destroyed  by  a  temperature  below  the  boiling  point  of 
water. 

Thermophiles.  Bacteria  that  grow  best  at  relatively  high  tempera¬ 
tures,  having  an  optimum  of  50°  C.  or  higher. 

Thermostable.  Resistant  to  heat  at  the  boiling  point  of  water  or 
thereabout. 
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Total  Count.  The  total  number  of  bacteria  found  in  any  kind  of 
material  such  as  water,  milk,  or  soil,  regardless  of  species. 

Toxemia.  A  condition  characterized  by  toxins  in  the  blood. 

Toxins.  Poisonous  substances  of  complex  nitrogenous  composition 
produced  by  bacteria  and  some  higher  organisms. 

Toxoid.  A  detoxified  toxin  that  remains  antigenic  and  can  be  used  to 
confer  active  immunity. 

Transmitted  Light.  Light  that  passes  through  the  object  that  is  being 
studied  with  a  microscope.  (Fig.  11,  p.  19) 

Trickling  Filter.  A  sewage  purification  plant  in  which  the  sewage  is 
sprayed  onto  a  layer  of  crushed  rock  or  similar  material  to  provide 
an  extensive  surface  for  aeration.  (Fig.  119,  p.  200) 

Tuberculin  Test.  An  anaphylactic  test  to  determine  whether  or  not  a 
person  or  animal  has  been  infected  with  Mycobacterium  tubercu-  ■ 
losis. 


Ultramicroscope.  A  microscope  that  reveals  very  minute  objects  by  the 
use  of  light  that  strikes  them  obliquely  and  is  reflected  into  the 
objective. 

Urease.  The  enzyme  that  hydrolyzes  urea  into  ammonium  carbonate. 


Vaccine.  Anything  which,  if  injected  into  the  body,  causes  it  to 
develop  active  immunity  by  having  the  disease  in  mild  form. 

Variation.  The  departure  of  the  offspring  from  the  parent  with  respect 
to  some  character.  Usually  more  temporary  than  mutation. 

Vectors  of  Disease.  Insects  or  other  forms  of  animal  life  that  transfer 
pathogenic  organisms  from  host  to  host. 

Vehicle  of  Infection.  Food  or  water  containing  pathogenic  micro¬ 
organisms. 

Virulence.  In  bacteriology,  the  ability  to  produce  disease.  Patho¬ 
genicity. 

Viruses.  (See  filterable  viruses) 


Widal  Test.  The  agglutination  test  for  typhoid  fever. 

Winogradsky  Test.  A  soil  test  for  fertility  by  determining  its  suit¬ 
ability  for  growing  Azotobacter. 
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Yeast.  A  kind  of  fungus  which  is  apparently  an  Ascomycete  that  has 
been  reduced  to  a  unicellular  state  by  loss  of  mycelium.  (Fig.  94, 

P-  155) 


Zoogloea  Masses.  Clumps  of  bacteria  occurring  in  liquid  cultures. 
Zygospore.  The  zygote  of  certain  kinds  of  fungi  and  algae,  e.g. 

Rhizopus j  Mucor ,  and  Spiro gyra.  (Fig.  86,  p.  148) 

Zygote.  A  cell  formed  by  the  union  of  two  gamete  cells  in  sexual  re¬ 
production.  (Fig.  86,  p.  148) 

Zymase.  An  enzyme  complex  that  forms  alcohol  from  dextrose. 
Zymogen.  A  substance  that  forms,  or  changes  into,  an  enzyme. 
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ACETIC  acid,  production  of,  122 
A cetobacter,  30,  46,  47,  65,  122 
Acetobacteriaceae,  46,  65 
Acetone  production,  243 
Achromatiaceae,  61,  66 
Achromatium  oxaliferum,  66 
Acids,  production  of,  119,  120 
Acid-fast  stain,  25 
Actinomyces ,  52,  53,  54,  55,  113 
bovis,  54,  66 
ho  minis,  54 
madurae ,  55 
scabies ,  53,  55 
Actinomycetaceae,  54,  66 
Actinomycetales,  53,  67 
Actinomycosis,  54,  55 
Activated  sludge,  199,  200,  203 
Aerobes,  109,  no 
Agar  stabs,  74 
Agar  strokes,  73 
Agglutination  test,  264,  265 
Agricultural  bacteriology,  n 
Air-borne  diseases,  206,  207 
Air,  microorganisms  of,  205,  207 
A  Icaligines  ‘viscosus ,  31,  21 1 
Alcoholoxidase,  108 
Alcohol,  germicidal  value  of,  136 
production  of,  122,  158,  160 
Alexin,  261 
Algae,  4,  5,  1 61 

in  drinking  water,  193 
Allergy,  265,  267 
Alternaria,  152,  153 
Amboceptor,  261,  262,  263,  264,  265 
Ameba,  3 

Ammonia,  production  of,  118,  119 
Ammonification,  119,  167,  176,  177 
Anaerobes,  109,  no 
Anaerobiosis,  109 
Anaphylaxis,  265,  266 
Animal  inoculation,  84 
Anorexia,  251 
Antagonism,  138,  139 
Antibiosis,  138,  139 
Antibodies,  265 
Antigen,  257,  269 
Antiseptics,  133,  134 
Antitoxins,  discovery  of,  15,  261 
formation  and  properties  of,  123 


Appert,  Nicolas,  10 
Archangiaceae,  66 
Archangium  primigenium,  66 
Ascomycetes,  145,  151,  152,  155 
Ascospores,  145,  152,  155 
Aspergillus,  151,  152,  240,  242 
Atopy,  266 
Autoclave,  78 
Autolysis,  228 

Autotrophic  bacteria,  100,  102,  hi 
Azotobacter ,  agent  of  nitrogen  fixation, 
113,  173-177 

classification  of,  47,  65,  173 
morphology  of,  48,  52,  173 
Azotobacteriaceae,  46,  65 


BACILLACEAE,  52,  65 
Bacillus  anthracis ,  52,  76,  162,  163,  247 
pandora,  245 
subtilis,  65 
Bacteremia,  250 
Bacteria  in  milk,  208-220 
legal  standards  for,  217 
numbers  of,  212,  213 
pathogenic,  211,  213 
sources  of,  208-210 
tests  for,  214,  215,  216 
total  counts  of,  214 
Bacteria  of  waters,  184-195 
as  vehicle  of  infection,  186 
agents,  injurious  to,  185 
fate  of,  185 

how  introduced,  184,  187 
total  counts  of,  189 
Bacteriaceae,  51,  65 
Bacterial  products,  1 15-125 
Bacteriochlorophyll,  59 
Bacteriolysis,  260 
Bacteriophage,  5,  6,  285,  289 
Bacteriopurpurin,  59 
Barriers  to  infection,  254 
Basidiomycetes,  145,  146 
Beggiatoa  alba,  29,  60,  61,  66 
Beggiatoaceae,  61,  66 
Behring  and  Kitasato,  15 
Beijerinck,  M.  W.,  170 
Bergey,  D.  H.,  42,  67 
Blood  media,  76 
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Blue-green  algae,  90 
Borrelia  novyi,  270,  272 
Botulism,  236 
Branching,  52 
Brauell,  13 

Bread  mold,  149,  150 
Brucella  abortus,  212,  265 
Budding  in  bacteria,  90 
in  yeasts,  154,  155 
Butter,  bacteria  of,  222,  223 
Butyl  alcohol  production,  243 
Butyric  acid,  production  of,  121 
By-products,  115 

CANNING,  early  experiments  with,  10 
Capsules,  30,  31 
Carbon  cycle,  166 

Carbon  dioxide,  production  of,  108,  116, 
117,  166,  121 

Carbonic  acid,  production  of,  120 
Carriers  of  disease,  187,  273,  275,  280 
Categories  of  classification,  41 
Caulobacter  vibrioides,  66 
Caulobacteriaceae,  66 
Caulobacteriales,  57,  66,  67 
Characteristics,  animal  vs.  plant,  2 
Cheeses,  microorganisms  of,  223,  224, 
225 

Chemotaxis,  132 
Chevreuil,  10 

Chlorination  of  water,  192,  203 
Cellulase,  106,  107 
Cellulomonas,  51,  65,  107,  163 
Cellulose,  destruction  of,  106,  164 
Cesspools,  197,  198 
Chemical  tests  of  water,  188 
Chemosynthesis,  100,  101 
Chlamydobacteriales,  55,  56,  66,  67 
Chlamydospores,  144 
Chlorine  disinfectants,  action  of,  136 
Chondromyces  aurantiacus ,  62,  63,  66 
crocatus,  62 

Citric  acid  production,  242 
Cladophora,  63 
Clamydobacteriaceae,  66 
Classification  of  bacteria,  40-68 
Cleavage,  4,  5,  144,  150 
Clostridium  chauvoei,  163 
acetobutylicum,  243 
botulinum,  236,  247 
butyricum,  243 
perfringens,  169 
sporogenes,  236 
tetani,  34,  186 

Coli-aerogenes  group,  189,  190,  191, 
192 

Colonies,  characteristics  of,  71,  72,  73 
definition  of,  36 
types  of,  71,  72,  73,  93 


Columella,  148,  150 
Commensalism,  140 
Competition  of  bacteria,  138 
Complement,  261,  263,  264 
Complement  fixation  test,  264 
Condenser,  darkfield,  22 
microscope,  20,  21 
Conidia,  144,  151,  152 
Conjugation  in  bacteria,  90 
Constriction  in  bacteria,  87 
in  fungi,  144,  151,  152 
in  yeasts,  155 
Control  of  diphtheria,  274 
of  pneumonia,  277 
of  tetanus,  282 
of  tuberculosis,  279 
of  typhoid  fever,  281 
Cooler  for  milk,  220 
Corynebacterium  diphtheriae,  54,  77, 
255,  270,  272 
Coverglass,  21 
Crenothrix  polyspora,  56,  57 
Cultural  methods,  origin  of,  9 
Culture  media,  75-77 
Cultures,  use  of,  69 
Cytolysis,  260 


DARKFIELD  illumination,  22,  23 
Davaine,  13 
Decay,  hi 
Dehydrogenases,  108 
Denitrification,  117,  169,  176,  177 
Dermacentor  andersoni,  291 
Dermacentroxenus  rickettsii,  290 
D  esensitization,  267 
Desiccation,  effects  of,  129,  130 
D’Herelle,  5,  6,  289 
Difficulties  in  classification,  40 
Diffuse  nucleus,  30 
Diphtheria,  271-274 
Diphtheritic  membrane,  273 
Diplococcus  pneumoniae,  51,  270,  272, 
275 

types  of,  275,  276 
Disaccharidases,  107 
Discovery  of  bacteria,  7 
Disease  transmission,  by  contact,  249 
by  droplets,  207,  249 
by  vectors,  249 
through  air,  207,  249 
through  vehicles  of  infection,  249 
Disinfectants,  133,  138 
methods  of  injury  bv,  134 
standardization  of,  136-138 
use  of,  135 
Dissimilation,  109 
Dissociation,  96 
Drinks,  lactic  acid,  225 
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Droplets  in  air,  207 

Dnsch,  Th.  von,  10,  11 

Dyes,  antiseptic  action  of,  136 


EBERTHELLA  typhosa,  65,  76,  186, 
247,  270,  272 
agglutination  of,  264,  280 
Effects  of  pathogens,  251,  252 
Ehrenberg,  40 
Ehrlich,  Paul,  262 
Elimination  of  pathogens,  250 
Elodea  canadensis,  2 
Endatnoeba  histolytica,  186 
Endotoxins,  123,  124 
Enterobacteriaceae,  51,  65 
Environment,  chemical,  132-138 
effects  of,  126-142 
physical,  126-132 

Enzymes,  amylolytic  group,  106,  107 
classification  of,  105-108 
extracellular,  104-107 
formation  of,  104,  105 
hydrolytic  group,  105- 107 
intracellular,  104,  108 
lipolytic  group,  107 
oxidizing  group,  107,  108 
steatolytic  group,  107 
use  of,  104,  108,  1 15 
Erwinia,  51,  103 
Erysipelothrix,  54 

Escherichia-Aerobacter  group,  189,  190, 
191,  192 

Escherichia  coli,  189-191 
Etiology  of  diphtheria,  272 
of  pneumonia,  275 
of  tetanus,  281 
of  tuberculosis,  277 
of  typhoid  fever,  280 
Eubacteriales,  42-45,  67 
Euglena  viridis,  2 
Excretions,  115 
Exotoxins,  123 


FACULTATIVE  anarobes,  109,  no 
parasites,  102 

False  branching,  52,  53,  56 
Fermentation,  in 
alcoholic,  158-160 
Fermentation  tubes,  116,  1 17,  190 
Ferric  hydroxide,  57 
Filterable  viruses,  285-287 
examples  of,  285 
inclusion  bodies  in,  287,  288 
properties  of,  285 
theories  to  explain,  286,  287 
Filteration  of  water,  193,  194,  195 
of  sewage,  200,  201 


Filters,  air,  of  Schroeder  and  Dusch,  11 
bacteriological,  5,  286 
sand,  194,  195 
trickling,  200,  201 
Fission,  87 

Flagella,  action  of,  32 
attachment  of,  33 
distribution  of,  31,  32 
formation  of,  32 
Foods,  preservation  of,  227-237 
Food  poisoning,  235,  236,  237 
Food  requirements  of  bacteria,  99,  100 
Food  spoilage,  causes  of,  228 

changes  resulting  from,  228,  229 
in  animal  products,  229 
in  canned  foods,  234,  235 
in  fruits,  229 
in  vegetables,  229 
Formaldehyde,  136 
Fracastorius,  H.,  12,  13 
Free  nitrogen,  production  of,  117,  176, 
177 

use  of,  113,  177 
Freezing  bacteria,  128 
Fuchs,  11 

Fungi,  3,  143-153,  i6i:  162 
Fungi  Imperfecti,  54,  146,  151,  152,  153 
Fungus-like  bacteria,  53,  66 
Fusarium,  153 

G  ALLION  ELLA  ferruginea,  58,  66 
Gallionellaceae,  66 
Gas  production,  116-118 
collection  of,  116,  117,  190 
for  industrial  use,  244 
measurement  of,  118 
Gelatin  stabs,  75 
Germicides,  133 
Glycerol  production,  243 
Gonidia,  56,  89,  90 
Gram  stain,  25 
Gregarena  melanopli,  104 
Growth,  1 
curves,  91 
of  cells,  90 

HANGING  drop,  24 
Heat,  injury  by,  126 
Hemophilis  pertussis,  29,  49 
Hellriegel  and  Wilfarth,  12,  170 
Henle,  Jacob,  13 
Heredity  in  bacteria,  92 
Hesse,  Frau,  82 
Hessling,  von,  11 
Holmes,  Oliver  Wendell,  13 
Humus,  163,  164,  165 
Hydrogen,  production  of,  117 
Hypersensitivity,  265-267 
Hypertrophy,  252 
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ICE  cream,  226 

Illumination  for  microscope,  21 
darkfield,  22,  23 
Imhoff  tanks,  198,  199 
Immunity,  254-267 
acquired,  255,  256 
active,  255,  256 
explanations  of,  262-264 
mechanism  of,  259-264 
methods  of  conferring,  256 
natural  255,  256 
passive,  255,  256 

Immunization  for  diphtheria,  273 
for  pneumonia,  276 
for  tetanus,  282 
for  tuberculosis,  279 
for  typhoid  fever,  281 
Impurities  in  water,  187 
tests  for,  187-192 
Indifference  of  bacteria,  138 
Industrial  microbiology,  239-246 
organisms  used  in,  240 
processes  in,  241-246 
pure  ‘vs.  mixed  cultures  in,  241 
scope  of  subject,  239 
Infection,  mechanism  of,  247-252 
Inflammation,  252 
Inoculating  needles,  79 
Inoculation  of  media,  78,  79,  80,  81 
Inoculation  of  soils,  178,  179,  180,  181 
Intake  of  food  by  bacteria,  99 
Interrelations  of  bacteria,  138,  139 
Involution  forms,  28,  92 
“Iron  bacteria,”  56,  57 
Irritability,  1 

JANSSEN,  J.  and  Z.,  7 
Jenner,  15 


KEFIR  grains,  225 

Kinds  of  immunity,  255,  256 

Kirsher,  A.,  12 

Koch’s  postulates,  13,  14 

Koch,  Robert,  13,  14,  82 

LACTIC  acid  producers,  210 
Lactic  acid,  production  of,  120,  121 
Lactobacillus,  50,  65,  210 
Lactobacteriaceae,  50,  65 
Lactobacillus  lactis,  210 
acidophilus,  225 
bulgaricus,  225 

Leeuwenhoek,  Anton  von,  frontispiece, 

7,  8 

microscopes,  7,  8 

Leguminous  plants,  170,  171,  172 
effects  of,  on  oats,  173 


Lens,  simple,  17 
Lcptotrichia,  54 
Lcptothrix  ochracea,  56,  66 
Liebig,  von,  1 1 

Life  cycles  of  bacteria,  96,  97 
Light,  injury  by,  13 1,  132 
Lister,  11 

Lobar  pneumonia,  275-277 
Locomotion,  32 

Low  temperature,  injury  by,  128 
“Lumpy  jaw,”  54,  55 
Lvsins,  bacterial,  260 


MALLEOMYCES  mallei,  247 
Mantoux  test,  278 

Manual  of  Determinative  Bacteriology, 
42 

Marten,  Benjamin,  13 
Mass  morphology,  36,  37,  70,  71,  72 
Mechanical  injury,  132 
Mechanism  of  immunity,  259-261 
Mechanism  of  infection,  247-252 
Medical  bacteriology,  12 
Mercuric  chloride,  135 
Mesophiles,  128 
Metabiosis,  140 
Metabolism,  1 
Metatrophic  bacteria,  102 
Metchnikoff,  Elie,  262 
Methane,  production  of,  117 
Methylene  blue  reduction  test,  216 
Microaerophiles,  109,  no 
Micrococcaceae,  47,  65 
Micrococcus,  48 
Micromanipulator,  83,  84 
Micron,  definition  of,  17 
Microorganisms,  definition  of,  1 
kinds  of,  3 
of  air,  205-207 
of  soils,  161-183 
Microphiles,  129 

Microscope,  bacteriological,  17-25 
compound,  19 
invention  of,  7 
Microscopic  counts,  216 
Migula,  67 
Milk,  bacteria  of,  208 
as  a  culture  medium,  208 
Milk  products,  bacteria  of,  222,  223, 
224-226 

Molds,  3,  143-153 

classification  of,  145,  146 
morphology  of,  143-146 
mycelium  of,  143 
physiology  of,  146 
reproduction  of,  144 
spore  formation  in,  144 
Morphology  of  bacteria,  27-39 
mass,  36,  37,  70,  71,  72 


INDEX 


Mucor,  147,  148,  149 

oryzae ,  159 
ronxii,  159 
Muller,  40 
Mutation,  96 

Mycelium,  3,  143,  145,  151 
Mycobacteriaceae,  54,  65 
Mycobacterium,  52,  54 
leprae,  247 

tuberculosis,  65,  21 1,  212,  270,  272, 
277  _ 

Mycorrhizas,  170 
Myxobacteriales,  62,  66,  67 
Myxococcaceae,  66 
Myxococcus  fulvus,  66 


NECROSIS,  252 
Needham,  John  T.,  9,  10 
Negri  bodies,  288 
Neisseria,  48,  65 
Neisseria  go7iorrheae,  270 
intracellularis,  270,  272 
Neisseriaceae,  48,  65 
Nevskia  ram  os  a,  66 
Nevskiaceae,  66 
Neufeld  typing  method,  276 
Nitrate  reduction,  oxygen  donor  in,  no 
formation  of  ammonia  in,  119 
in  nitrogen  cycle,  176 
in  soils,  168,  169,  177 
Nitric  acid,  production  of,  120 
Nitrification,  167-169,  176,  177 
Nitrifying  bacteria,  45,  167,  168,  177 
Nitrites,  use  of,  112,  1 1 3 ,  168,  176 
Nitrobacter,  45,  65,  168,  177 
Nitrobacteriaceae,  44,  65 
Nitrogen  fixation,  113,  170-182 
non-symbiotic,  173-176 
symbiotic,  170-173,  175 
Nitrogen  metabolism,  112,  113,  120, 

167-181 

Nitrogen,  cycle,  176,  203 

production  of,  117,  169,  176,  177 
Nitrogenous  compounds,  changes  in, 
112,  120,  166-177 
Nitrosomonas,  45,  168,  177 
Nitrous  oxide,  169 
Nodules  on  legumes,  171,  172 
Nostoc,  58 
Nucleus,  diffuse,  30 
Nutritional  grouping  of  bacteria,  100- 
102 

Nutrition  of  bacteria,  99-114 

OATS  fertilized  with  sugar,  175 
Oidia,  144 
Oidium,  153 

Oil  immersion  objective,  19,  20 


311 

Oospora,  153 
Opsonins,  260 

Osmotic  changes,  effects  of,  130,  131 


PARAMECIUM,  3 
Parasitic  bacteria,  101,  102 
Parasitism,  origin  of,  103 
Paratrophic  bacteria,  102 
Parvobacteriaceae,  49,  65 
Pasteur  flasks,  10,  11 
Pasteur,  Louis,  n,  12 
Pasteurella,  49 

pestis,  65,  270,  272 
tularensis,  255,  270 
Pasteuriaceae,  58,  66 
Pasteuria  ramosa,  66 
Pasteurization,  217,  218,  219 
Pasteurizer,  219 
Pathogenic  bacteria,  269-284 
Pathogenicity,  247 
Penicillium,  3,  145,  151,  235 
camemberti,  224 
roqueforti,  224 
Petri,  R.  J.,  82 
Petri  dish,  82,  83 
Phagocytes,  260,  262 
Phenol,  135 

Phenol  coefficient,  137,  138 
Phosphorus  compounds,  changes  in,  182 
Photogenesis,  124,  125 
Photosynthesis,  59,  100,  101 
Phycomycetes,  143,  147- 150 
Physiology  of  bacteria,  70,  85 
Phytomonas,  103 
Phytoplit/iora  inf e stans,  145 
Pigments,  38,  59,  95 
Planes  of  division,  89 
Plasmodesmids,  87,  88 
Plasmolysis,  30,  130,  134 
Plenciz,  Marcus  von,  13 
Pleomorphism,  28,  47,  48,  96 
Pneumonia,  lobar,  275-277 
Podangium  lichenicolum,  63 
Pollender,  13 
Polyangiaceae,  66 
Polyangium  parasiticum,  63 
Polymorphism,  28,  96,  97 
Portals  of  infection,  250 
Post-fission  movements,  88 
Potassium  compounds,  changes  in,  182 
Precipitin  test,  264 
Preservation  of  foods,  227-237 
by  chemicals,  234 
by  drying,  231 
by  heating  and  canning,  232 
by  refrigeration,  230 
methods,  230 
Proactinomyces,  54,  55 
Protective  action  of  chemicals,  133 


312 


INDEX 


Proteolysis,  112,  167 
Proteus  vulgaris,  210 
Prototrophic  bacteria,  102 
Protozoa,  3 

Protozoan-like  bacteria,  64,  66 
Pseudomonadaceae,  46,  65 
Pseudomonas  aeruginosa,  46,  65,  169 
denitrificans,  169 
fluoresccns,  125 
Psychrophiles,  128 
“Ptomain  poisoning,”  235,  236 
Pure  culture  isolation,  81-84 
Purification  of  water,  192-195 
Putrefaction,  in 


“RAY  fungus,”  54 
Receptor  theory,  Ehrlich’s,  262,  263 
Reduction  of  nitrates,  oxygen  donor  in, 
1 10 

formation  of  ammonia  in,  119 
in  nitrogen  cycle,  176 
in  soils,  168,  169,  177 
Reproduction,  1 
of  bacteria,  87-97 
Resistance  to  disease,  254-265 
Respiration,  1 

bacterial,  108-111 
Rhizobiaceae,  44,  65 
Rhizobium,  agent  of  nitrogen  fixation, 
113,  }77 

branching  cells  of,  52 
classification  of,  65,  170 
cultures  of,  178,  179 
infecting  host,  171,  172,  180 
life  cycle  of,  45 

Rhizopus,  3,  4,  145,  148,  149,  150 
Rhizoi  ds,  149 

Rhodobacteriaceae,  59,  60,  66 
Rickettsias,  247,  285,  289,  290,  291 
Ropiness  in  cream,  21 1 
Roux  and  Yersin,  15 
Rubber  latex,  245 


“S.  A.  B.”  system  of  classification,  41, 
42-68 

Saccharo myces  cerevisiae,  156,  240 
ellipsoideus,  240 
Salmonella,  51 
enteritidis,  237 
typhimurium,  237 
Sand  filters,  194,  195 
Sanitary  survey,  188 
Saprophytic  bacteria,  101,  102 
Saprophytism,  origin  of,  103 
Sarcina,  48,  71,  139,  205 
Schick  test,  274 
Schizosaccharomyces,  157 
Schlosing  and  Munz,  12 


Schroeder,  H.,  10 
Schroeter,  Joseph,  82 
Schwann,  10 
Secretions,  115 
Semmel  weiss,  13 
Sensitization,  267 
Septicemia,  250 
Septic  tanks,  199 
Serratia  marcescens,  95 
Serum  reactions,  254-267 
Serum  sickness,  2 66 
Serums,  immunizing,  15,  257,  258,  259 
Sewage  disposal,  197-204 
methods  of,  197-200 
Shapes  of  bacteria,  27,  28,  29 
Sheathed  bacteria,  55,  66 
Shigella  dysenteriae,  50,  51,  186,  270, 
272 

Single  cell  isolation,  83,  84 
Size  of  bacteria,  27,  28,  29 
Slime  bacteria,  61,  66 
Sludge,  201,  202 
Soil  bacteria,  activities  of,  177 
Soils,  bacteria  of,  161-183 
microorganisms  in,  161,  177 
Sorangiaceae,  66 
Sorangium  schroeteri,  66 
Sources  of  bacteria  in  waters,  184 
Sources  of  infection,  248 
Spallanzani,  Lazzaro,  9,  10 
Specificity  of  pathogens,  248,  254 
Sphaerotilis,  52 
Spirillum  undula,  29 
Spiro chaeta  plicatilis,  29 
Spirochaetaceae,  66 
Spirochaetales,  64,  66,  67 
Spirogyra,  3 
Spoilage  of  foods,  206 

of  industrial  products,  206 
Spontaneous  combustion,  124 
Spontaneous  generation,  9 
Sporangia,  4,  147,  150 
Sporangiophores,  147,  149 
Spores,  bacterial,  33,  34,  35,  36 
Spores,  fungus, 

formation  of,  144,  148,  150,  151,  152 
germination  of,  145 
sporangial,  144 
Staining,  24,  25 

Standardization  of  disinfectants,  136- 

Staphylococcus,  48,  65,  236 
Starch  hydrolysis,  106 
Sterilization,  77,  78,  127 
Stimulative  chemicals,  133 
Stolons,  149 

Streptococcus  lactis,  50,  210,  224 
pyogenes,  50,  270,  272 
Structure  of  bacterial  cell,  29,  30 
Sugar  as  a  fertilizer,  175 


INDEX 


3i3 


Sulfur  bacteria,  58,  59,  60,  61,  66,  119 
Surface  tension,  134 
Symbiosis,  140 

Symptoms  and  pathology  of  diphtheria, 
273 

of  pneumonia,  276 
of  tetanus,  282 
of  tuberculosis,  278,  279 
of  typhoid  fever,  280 
Symptoms  vs.  disease,  252 
Synergism,  141 


TANNING  leather,  245 

Temperature  curve  of  pneumonia,  251 

Temperature,  effects  of,  126-128 

Tests  for  purity  of  water,  187-192 

Tetanus,  281,  282 

Thermal  death  point,  127 

Thermal  death  rate,  128 

Thermal  death  time,  128 

Thermogenesis,  124 

Thermophiles,  128 

Thiobacillus  denitrificans,  169 

Thiobacteriales,  58,  59,  61,  66,  67 

Thiocystis  violaceae,  66 

Tobacco  curing,  245 

Toilets,  198 

Torulae,  157 

Toxemia,  251 

Toxin-antitoxin  treatment,  274 
Toxins,  discovery  of,  15 
production  of,  122,  123 
Toxoid,  257 

Transmission  of  disease,  207,  249 
Treasury  Department  standard,  192 
Treponema  pallidum,  66,  270,  272 
Trickling  filters,  200,  201 
True  bacteria,  43,  44,  67 
Trypanosoma  levaisi,  104 
Tuberculin  test,  278 


Tuberculosis,  277-280 
Type  culture  collection,  69 
Typhoid  fever,  280 

ULTRAMICROSCOPE,  23 
Ultramicroscopic  organisms,  5,  285 
Urea,  fermentation  of,  119 

VACCINES,  15,  257,  258,  288 
Variants,  92,  93,  94-96 
Variation  in  bacteria,  92-96 
impressed,  94 
reversible,  95 
Varro,  7,  12 
Vectors,  249 

Vehicles  of  infection,  186,  249 
Vibrio  comma,  47,  76,  186 
Virulence,  247 
Virus  diseases,  285-288 
V orticella,  3 

WASSERMANN  test,  264 
Water-borne  diseases,  186 
Widal  test,  264 
Winogradsky,  Serge,  12 
Winogradsky  test,  181 
Wollstein,  13 
Wood  ticks,  291 

YEASTS,  3,  4,  154-160 

compared  with  bacteria,  156 
morphology  of,  154-156 
reproduction  of,  154,  155 

ZYGOSACCAROMYCES,  157 
Zygospores,  148,  149,  150 
Zygote,  4 
Zymases,  108,  159 


9 


